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Abstract 
Cellulose, hemicellulose and lignin are the three major components of biomass, 
constituting about 85 wt. %. In the current study, primary fast pyrolysis of biomass has been 
studied by using a system with an online micropyrolyzer-GC-MS/FID and gas analyzer for 
product analysis while a combination of analytical technologies including HPLC, UV-VIS 
and ICP was used for biomass characterization.  
In the first part, pyrolysis behavior of cellulose with different crystallinities and 
degree of polymerization has been studied. The results showed that primary pyrolysis 
behavior of cellulose was not affected by its crystalline structure or its molecular weight. In 
the second part, the interaction effects within cellulose-hemicellulose and cellulose-lignin 
under the condition of primary fast pyrolysis were studied, by comparing the pyrolysis 
fashion of their native mixture, physical mixture and superposition of single components. For 
cornstover, it has been found that no apparent interaction exists for either of its physical 
binary mixture. However, when pyrolyzing native cornstover cellulose-lignin, levoglucosan 
yield was significantly decreased accompanied by higher yield for low molecular compounds 
and furans. Further, native cellulose-lignin from red oak, pine and switchgrass had also been 
pyrolyzed. Similar cellulose-lignin interaction effects were observed for switchgrass, which 
were however, not shown for pine and red oak. For the native mixture of cornstover 
cellulose-hemicellulose, the yield of levoglucosan is similar to the one from either physical 
mixture or superposition, while different yield were observed for other products, which might 
be caused by the chemical difference between native hemicellulose and extracted 
hemicellulose.  
This study provides an insight to the chemistry involved during primary fast pyrolysis 
of different types of cellulose and lignocellulosic biopolymer, which facilitates building up a 
model to predict bio-oil composition. 
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Chapter 1. Introduction and literature review 
General introduction about biomass fast pyrolysis 
Renewable energy has been an attracting increasing interest in both research institute 
and industry as a strategical substitute for traditional energy sources such as crude oil, coal, 
natural gas etc.. Biomass, a theoretically inexhaustible resource of organic carbon, became a 
promising source for generation of renewable energy and chemicals.
[1]
 Development of cost-
effective process to convert biomass into usable liquid fuels has been hot research topic in 
recent years. Several techniques, such as thermochemical, biological and catalytic processes, 
have been proposed to fulfill this conversion.
[2]
 Among the routes for converting biomass 
into fuels, fast pyrolysis has unique advantages and is becoming an attractive technique in 
recent years since it could convert solid biomass into liquid product, called as bio-oil
[1, 3]
, in 
an efficient and environmental friendly approach, due to its short reaction time and 
diminished emission of green gases.
[4]
 However, bio-oil has some undesired characteristics, 
such as low pH value, low heating value and is unstable, all of which introduce difficulties 
during its replacement for crude oil. Such undesired features come from the intrinsic complex 
chemical composition within bio-oil, such as plentiful high oxygen content products and 
multifunctional group products.
[1]
 In recent decades, researchers have focused mainly on 
optimizing bio-oil yield and reactor configuration. Less research was done on completely 
identifying and quantifying chemicals in bio-oil. This trend on research hindered the 
fundamental understanding on mechanism of fast pyrolysis. Therefore, in order to build an 
effective technique platform to make bio-oil a feasible replacement to crude oil, either by 
optimizing the fast pyrolysis conditions or catalytically upgrading bio-oil during or after 
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pyrolysis, fundamental understanding on biomass pyrolysis mechanism and chemical 
composition of bio-oil are needed.  
There are many challenges in uncovering the mechanisms of fast pyrolysis. First of 
all, series of reactions will happen, which include primary reactions, vapor phase secondary 
reactions and condensation reactions, characterized by products’ residence time and type of 
phase where reactions happen. Primary reactions are defined as the reactions that occur 
inside of reactor within very short residence time (less than 1 second). Secondary vapor 
phase reactions are the reactions between the reactor and the first condenser. The 
condensation reactions occur mainly within condensers. Secondary vapor phase reactions and 
condensation reactions are both considered as secondary reactions. Therefore, it will jump 
too far if we try to understand the mechanism of all of these reactions at one time without 
knowing reaction mechanism in each step.  
Secondly, biomass mainly contains three components: cellulose, hemicelluloses, 
lignin, and some mineral impurities such as alkali, alkaline earth metals, silicon etc. Each of 
them can play certain role in fast pyrolysis. For example, levoglucosan is mainly evoluted 
from cellulose, phenolic compounds are generated by lignin, while alkali and alkaline earth 
metals can act as catalysis to change product distribution dramatically even though their 
content is very low.
[5]
  
Because of such complexity, it is more feasible to study reaction mechanism by 
decoupling primary and secondary reactions. P. R. Patwardhan built up a micropyrolyzer-
GC-MS/FID system to study the product distribution of primary reactions of individual 
components (cellulose, hemicellulose, lignin).
[6-8]
 The results show that this reaction system 
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can identify and quantify most products from individual component in biomass due to the 
close mass balance between products and reactants. Product distribution of cellulose shows 
that levoglucosan and low molecular weight compounds (glycoaldehyde, formic acid etc.) 
are generated through competitive reactions during primary pyrolysis while product 
distribution from lignin in primary pyrolysis shows most products are monomeric phenolic 
compounds and these monomeric phenols could undergo oligomerization when they were 
condensed to form lignin-derived bio-oil.
[6, 8]
 Since there are various products generated 
during fast pyrolysis and some of them are reactive, products from one component may react 
with products from other components, or act as catalysis for them, which will change product 
distribution. In order to understand the overall pyrolysis reaction mechanism of 
lignocelluloses, the next work will be studying the interaction effects among these three types 
of biopolymers.  
Fast pyrolysis behavior of different celluloses 
It is commonly known that cellulose is a polysaccharide made of D-glucose unit 
connecting with β-1-4 glycosidic bond. Crystallinity is an important property of cellulose 
since it reveals how the parallel glucose-unit made sheet packed with each other and the 
location of H-bond among and within these sheets.
[9, 10, 37]
 Another important property for 
cellulose is the degree of polymerization (DP), which depends not only on the type of 
biomass where cellulose is isolated but also on the isolation and pretreatment method.
[11, 12]
 
The influence of crystallinity and degree of polymerization on cellulose pyrolysis has been 
studied on last several decades. These researches mainly focused on building kinetic models 
for different types of cellulose and comparing the difference in parameters which fit the 
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proposed models.
[13-17]
 Schultz et al.
[14]
 claimed that the crystallinity of cellulose affected the 
rate constants and activation energy within pyrolysis kinetic model, due to different enthalpy 
and entropy change from the different types of cellulose. Poletto et al.
[16]
 reported that the 
crystallite size of cellulose influenced both activation energy and thermal stability for thermal 
decomposition of cellulose. However, Kim et al.
[17]
 stated that neither crystallite size nor 
crystallinity would affect the activation energy during thermal decomposition of cellulose. 
Moreover, the initial thermal degradation temperature (Ti) has also been considered as a 
characteristic which might be influenced by the crystallinity and degree of polymerization of 
cellulose.
[13, 15, 17]
 Kato et al.
[13]
 stated that formation of furfural and 5-hydroxy methyl 
furfural was enhanced for cellulose with lower degree of crystallinity. Moreover, the lower 
crystalline and polymerized cellulose also had lower Ti. They claimed that hydrogen bonds 
and van der Waals force lead to these differences since the glycosidic cleavage prefers to 
occur in amorphous region, which is less resistant for heat.
[18]
 The lower Ti from lower 
crystalline and less polymerized cellulose was also proposed by Aprigio and Kim.
[15, 17]
 It 
should be however noted that most of these work were performed by thermal gravimetric 
analyzer (TGA), which could not provide high heating rates required for fast pyrolysis. 
Therefore, the analysis methodology was mainly based on sample weight loss although a few 
pyrolysis products were quantified by GC-thermal conductivity detector, leading to a lack of 
comprehensive comparison on product distribution. Further, few articles mentioned about 
sample purification and showed data for mineral contents, which is crucial to cellulose 
thermal decomposition since minerals could act as strong catalyst to dramatically change 
kinetics and product distribution. Therefore, in order to examine pyrolysis behavior of 
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different celluloses in the constraint of fast pyrolysis conditions and demineralized samples, 
these weaknesses mentioned above should be overcome.  
Lignocellulosic biopolymer interaction effects during fast pyrolysis 
Cellulose, hemicellulose and lignin are commonly known major biomass components, 
constituting 40-60 wt. %, 20-40 wt. %, and 10-25 wt. % respectively (U.S. department of 
energy--Biomass feedstock composition and property database). The weight percent of 
individual component may vary depending on the type of biomass. In the sense of physical 
structure, the lignin is located in the outer cell wall of biomass, strengthening the overall 
structure of biomass. Cellulose, a crystalline polymer, is located inside of the lignin wall 
while the hemicellulose, with a random and amorphous structure, is located within the 
cellulose and between the cellulose and lignin. In the sense of chemical combination, 
hydrogen bonds exist between cellulose and lignin as well as cellulose and hemicellulose. 
Additionally, covalent linkages, mainly ether bond, were proposed to be present between 
cellulose and lignin.
[19-21]
 Therefore, such hydrogen bonds and covalent linkages in original 
biomass might cause a different pyrolytic behavior between physical mixture and native 
mixture.  Moreover, the active pyrolysis products from different components might interact 
with each other, which could be verified by pyrolyzing physical mixtures and comparing 
their product distribution with corresponding superposition yield.  
To our knowledge, several literature articles have claimed that there is no or 
negligible interaction among cellulose-hemicellulose-lignin during pyrolysis by proving that 
the pyrolytic behavior of either binary mixtures or ternary mixtures could be explained by 
fractionally adding pyrolytic results from single components.
[22-29]
 However, the reaction 
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system and analysis methodology they using had intrinsic weaknesses, leading to their 
ambiguous or non-persuasive conclusions. Most of the experiments were performed with a 
thermogravimetric analyzer (TGA), which is not capable of providing high enough heating 
rates required by fast pyrolysis. Further, mainly based on the weight loss of biomass, TGA 
could not provide enough insight on molecular speciation within pyrolytic products, which is 
essential to uncover fundamental mechanisms during fast pyrolysis.  
On the other hand, some researchers have reported that interaction within cellulose, 
hemicellulose and lignin does exist. Hosoya et al.
[30]
 stated pyrolytic behavior of cedar wood, 
especially the yield, hydrolysable sugar content, and molecular weight within generated 
water-soluble bio-oil fraction, were not able to be explained in terms of the combined 
pyrolysis of cellulose, hemicellulose, and lignin even after demineralization. Hosoya et al.
[31]
 
also concluded that there are apparent interaction between cellulose and lignin while 
negligible interaction between cellulose and hemicellulose during pyrolysis. However, the 
reaction system they used is a batch reactor, which provides long residence time compared to 
fast pyrolysis. Therefore, secondary vapor phase reactions and condensation reactions would 
occur, increasing the complexity of the reactions. Moreover, due to a lack of total mass 
balance and carbon balance, complete product distribution cannot be obtained, leading to 
obscurity in the deconvolution of pyrolytic mechanisms.  
Sagehashi  et al.
[32]
 reported that during gasification of biomass, yield of phenol and 
guaiacol surpassed their superposition yield from individual cellulose, xylan, and lignin. 
Nevertheless, with an extremely low heating rate of 5-10 OC/min, the proper heating rate 
required in this process has been overlooked.  In the condition of a low heating rate, the 
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volatile products, once generated, could not escape from the heated zone immediately, thus 
being further decomposed or dehydrated, leading to the formation of secondary products and 
char. Further, it has been reported that slower heating rates tend to favor the exothermic 
reactions of char formation whereas higher heating rates promote the endothermic reactions 
that yield pyrolysis vapors
[33, 34]
. Moreover, the type of biomass applied in this study was not 
self-consistent, in which xylan (represented as hemicellulose), extracted from birch wood, a 
hardwood, and kraft lignin were used as individual components while Japanese cedar, a 
softwood, was used as real biomass. It has been found that different types of biomass may 
lead to a variation in the final pyrolytic product distribution. Obst reported that softwood 
lignin produced guaiacyl-type compounds as major products whereas hardwood produced 
more syringyl and guaiacyl-type compounds.
[35]
 
More recently, Fushimi et al.
[36]
 reported that lignin could suppress the volatilization 
of bio-oil from cellulose while xylan could enhance the decomposition of bio-oil into gases. 
Similarly, without completely analyzing the product distribution, in this work the liquid 
pyrolytic product was only defined as two broad categories: water-soluble and water-
insoluble, from which information of specific chemicals cannot be thoroughly studied. 
Moreover, the heating rate could not be fast enough due to the applied large sample weight 
and the residence time was also too long in comparison to fast pyrolysis, resulting in non-
representative results for fast pyrolytic behavior within biomass.  
Therefore, before obtaining convictive conclusions, those problematic issues 
mentioned above need to be addressed and solved. Firstly, the source of biomass should be 
consistent between individual component and mixtures in each experiment. Secondly, 
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biomass sample need to be demineralized before pyrolysis. Thirdly, high heating rates and 
short residence time should be provided by reaction system to constrain the reaction in the 
scope of fast pyrolysis. Except for those mentioned above, comprehensive chemical 
speciation and close mass balance also need to be performed.     
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Chapter 2. Product distribution of fast pyrolysis of cellulose with different 
degrees of crystallinity and polymerization 
Introduction 
As a major constituent, cellulose generally makes up 33 wt. % of plant, and this value 
varies for different types of biomass.(http://en.wikipedia.org/wiki/Cellulose) Previous studies 
have already built up a complete product distribution from primary fast pyrolysis of cellulose, 
by using an online Micropyrolyzer-Gas Chromatograph (GC)-Mass Spectrometry 
(MS)/Flame Ionized Detector (FID) system and IR gas analyzer. Under the circumstance of 
primary fast pyrolysis, a competitive reaction pathway has been proposed, which consists of 
evolution of levoglucosan against generation of furans and C1to C3 low molecular weight 
(LMW) compounds.
[1, 2]
 Vinu proposed that the primary fast pyrolysis of cellulose was 
performed via a concerted mechanism.
[21]
 In his study, with a tool of computational modeling, 
the concerted mechanism was proved to be kinetically favored. Moreover, within this kinetic 
model, experiment data matched well with computational calculation. Previous studies also 
showed that alkali and alkali earth metal ions, which are common minerals in agriculture 
feedstock, would totally change the product distribution from cellulose fast pyrolysis, even 
these metal ions present in trace amount. It has been proved that these metal ions could 
enhance the formation of furans and LMW compounds at the expense of levoglucosan yield, 
most likely by changing the activation energy of these competition reactions.
[2]
 The purpose 
for the current work is to examine whether the product distribution from primary fast 
pyrolysis of the tested sigma cellulose is also applicable to those celluloses with different 
degree of crystallinity and polymerization. 
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The first chapter reviewed studies on the pyrolysis behavior of cellulose with 
different degree of crystallinity. These studies focused on building up kinetic model for 
cellulose pyrolysis or comparison on major product distribution.
[3-7]
 However, there are 
several weaknesses, leading those studies unable to end up with persuasive conclusions. First 
of all, most these studies didn’t use typical fast pyrolysis conditions. Secondly, none of them 
perform comprehensive chemical speciation and close mass balance between products and 
reactants. Moreover, some of these studies fail to eliminate catalytic effects caused by 
possible metal ion impurities before pyrolyzing cellulose samples. In the current work three 
types of cellulose, with different degree of crystallinity and polymerization, were pyrolyzed 
with an online micropyrolzer-GC-MS/FID system, which is capable to provide fast pyrolysis 
reaction conditions. Almost complete product distribution has been achieved. Before 
pyrolysis, all samples had been demineralized to exclude the catalytic effects from metal ions. 
Experimental 
Materials 
Sigmacell cellulose and Avicel (PH-101) were purchased from Sigma-Aldrich. 
Phosphoric acid swollen cellulose (PASC) was provided by National Renewable Energy 
Laboratory (NREL) following the method of Zhang et al..
[8]
 The original sample for making 
PASC is the Sigmacell cellulose from Sigma-Aldrich.  
Sample characterization and purification 
The mineral content of Avicel (PH-101) and PASC was analyzed by inductively 
coupled plasma mass spectrometry (ICPMS). The metal ion content for Sigmacell cellulose 
had been proved to be too low to influence its pyrolysis product distribution.
[1]
 Around 100 
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mg sample was mixed with 10 ml concentrated nitric acid in a 25 ml digestion tube, which 
was sealed and underwent a pressurized heating program in a microwave. The program was: 
1) 40 psi for 6 minutes; 2) 85 psi for 6 minutes; 3) 140 psi for 10 minutes. After that, the 
solution was diluted by taking 1 g out to mix with 30 ml 1 wt. % nitric acid. Species and 
concentration of these metal ions were determined by ICPMS with the consideration of 
dilution factor. 
For the sample whose mineral content is not low enough, washing need to be 
performed to remove those excessive minerals. To preserve the original structure of PASC, 
deionized (DI) water, instead of hydrochloride acid, was used for washing. Approximately 1 
g of dry PASC was mixed with 50 ml of DI water, then keeping vigorous stirring for 15 min.. 
After that, the solution was centrifuged and solute was washed again by DI water with the 
sample procedure. After three consecutive washing, the solute was dried in oven with 40 
O
C.  
The degree of polymerization of cellulose was measured by NREL via Gel 
permeation chromatograph. Molecular weight of Avicel (PH-101) was provided by Sigma-
Aldrich.       
 Pyrolyzer-GC-MS/FID experiments 
A single-shot micopyrolyzer (Model 2020 iS, Frontier Laboratories, Japan) was used 
to perform the primary fast pyrolysis.  A deactivated stainless steel sample cup with around 
500 µg cellulose was dropped gravitationally into the quartz pyrolysis tube. The uniform 
pyrolysis temperature of 500 
O
C was created by a tubular furnace surrounding the reaction 
quartz tube. Helium gas was chosen to provide inert atmosphere as well as for GC carrier gas, 
the flow rate of which was maintained at 9.9 cm/s in the reaction tube. Before pyrolysis, the 
sample cup was purged with helium for 30 seconds. Proved by previous work, sample weight 
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with a range between 200-800 µg and particle size smaller than 75 µm could ensure 
negligible heat transfer and mass transfer limitation.
[2]
 Volatile pyrolytic products were swept 
into a Bruker 430-GC by the helium gas through a deactivated needle. 
A ZB-1701 capillary GC column (Phenomenex) was used to separate the volatile 
products. The stationary phase of the column consists of 14 % cyanopropylphenyl and 86 % 
dimethylpolysiloxane. The GC method is composed of an injection temperature of 300 
O
C, 
split ratio of 100:1 and a constant carrier gas flow of 1 ml/min in the column. Column 
ramping program consists of a 3 min hold at 35 
O
C at the beginning, then ramping to 300 
O
C 
with 5 
O
C/min and finally maintaining at 300 
O
C for 4 min. A mass spectrometer (MS) 
(Saturn 2000) was used for production identification, with the help of NIST library database. 
The chemical identities were then verified by running their standards for residence time 
comparison. In the current work, all the pure chemicals used for peak confirmation were 
purchased from Sigma–Aldrich (US). 
A flame ionization detector (FID) was used for product quantification by running 
chemical standards solutions. During the quantification, the FID was held at 300 
O
C with an 
air flow rate of 300 ml/min and hydrogen flow rate of 30 ml/min. Standard solutions were 
prepared by dissolving the identified chemicals in acetone at 4 different concentrations. 
Calibration for levoglucosan was performed through the micopyrolyzer-GC-FID system with 
a pyrolysis temperature of 500 
O
C.  Glycolaldehyde dimer was used for calibration of 
glycolaldehyde by pyrolyzing the dimmer at 300 
O
C, the product of which resulted in a single 
peak in the chromatogram proven to be glycolaldehyde by MS. For dianhydro-xylose (DAXP 
2 and other DAXP 2), a calibration curve of a similar compound, 4-hydroxy-5-methyl-3-
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furanone, was used to determine their yields, due to their same molecular weight. The 
calibration curve of levoglucosan was used as a proxy to estimate yield of other anhydro-
xylanpyranose (other AXP), dianhydro-glucopyranose and levoglucosan-furanose.
[9]
 
Duplicate running for standard solutions made up eight-point linear calibration curves (with 
R
2≥0.95) for each product.  
For CO and CO2 measurement, a De-Jaye gas analyzer with an infrared detector was 
connected to the split line of GC during pyrolysis. The time dependent gas concentration was 
recorded to calculate the gas yield.  The char yield was obtained by weight difference of the 
sample cup before and after pyrolysis with a Mettler Toledo microbalance.  
Results and discussion 
Cellulose characterization 
The mineral content for Avicel (PH-101) and PASC was shown in Table 1. The 
mineral content of Avicel (PH-101) is low enough thus not influencing its pyrolytic product 
distribution. However, PASC shows relatively more K
+
 and Na
+
, which might impact 
formation of levoglucosan. Therefore, the PASC was washed by DI water with the method 
described previously. Both washed and unwashed PASC were pyrolyzed, the results showed 
apparent different product distribution, the trend of which reveals catalytic effects from metal 
ions. Thus, 1
st
 washed PASC was washed further. Pyrolysis of 2
nd
 washed PASC showed 
same result as the one of 1
st
 washed PASC, proving that the extent of demineralization of 
single washing was strong enough to prevent minerals’ catalytic effects. 
 
   
1
6
 
Table 1. Mineral ion content of PASC and Avicel (PH-101) 
Sample Na Mg Al Mn Fe Cu Zn K Ca Fe 
PASC 26.7 0.7 3.4 <.05 <5 3.4 1.0 40.1 5.2 5.3 
Avicel (PH-101) 9.3 4.2 1.9 <.05 <5 <2.5 <.01 <15 2.2 <1 
All numbers are in ppm. 
Table 2. Crystallinity index of Avicel (PH-101) and Sigmacell cellulose determined by four different methods.
[13]
 
Cellulose type 
XRD method   NMR method 
Peak height Peak deconvolution Amorphous subtraction C4 peak separation 
Avicel PH-101 91.7±1.5 60.6±1.0 77.7±1.9 56.7±2.2 
Sigmacell 91.2 61.3 79.4 56.1 
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For most studies, crystallinity index was used to quantitatively show the degree of 
polymerization. Some researchers stated that crystallinity index for the same sample would 
be different if different methodologies are used.
[10-12]
 Therefore, consistence in measuring 
method is crucial to effectively compare the crystallinity index of different samples. Park et 
al. performed intensive studies on crystallinity index measurement on 8 celluloses by using 
four different methods.
[13]
 Their result on Avicel (PH-101) and Sigmacell cellulose was listed 
in Table 2. It is clear from the result that no matter which method was applied, the Avicel 
(PH-101) and Sigmacell cellulose had very close crystallinity index. For PASC, which was 
regarded as amorphous cellulose, the crystallinity index is close to 0 according to several 
literatures.
[14-16]
  
According to Sigma-Aldrich, an approximate molar mass of 39,000 has been 
determined for Avicel (PH-101). The degree of polymerization of Sigmacell cellulose was 
examined by NREL with GPC, the result of which showed number average mole mass of the 
Sigmacell cellulose is around 134504. The study of Stalbrand et al.
[17]
 showed that the 
phosphoric acid swollen process would not significantly change the degree of polymerization 
of the starting substrate. Thus, molecular weight of the PASC was assumed to be similar to 
the one of Sigmacell cellulose.  
To sum up, catalytic effects derived from possible metal ion impurities had been 
excluded before pyrolysis by ICP-MS checking and purification on samples. As for 
crystallinity index, Avicel (PH-101) is close to Sigmacell cellulose, both of which are much 
higher than PASC. The degree of polymerization of Sigmacell cellulose is around 3.5 times 
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of the one for Avicel (PH-101), and PASC should have similar molar mass to Sigmacell 
cellulose.  
Cellulose pyrolysis product distribution 
Primary pyrolysis of different celluloses was performed by the micropyrolyzer-GC-
MS/FID/IR system. Gases, char and twenty two GC-detectable compounds were identified 
and quantified. The product distribution was shown in Table 3. The “ave. std.” is the average 
value of one standard deviation of triplicate runs of three types of cellulose. A total mass 
balance of 90.92 wt. %, 95.43 wt. % and 89.74 wt. % has been achieved for washed PASC, 
Sigmacell cellulose and Avicel (PH-101) respectively. Theoretical water yield was calculated 
by stoichiometry for generation of dehydrated products, such as furfural, dianhydro 
xylopyranose (DAXP), 5-hydroxy methyl furfural, dianhydro gluco-pyranose, and char. 
During the calculation, the char was assumed as pure carbon.  To perform an elemental 
balance, the data in Table 3 were used to calculate carbon, hydrogen and oxygen content 
within pyrolysis products, the results of which are compared with reactant to determine the 
rest elemental balance (Table 4). In Table 4, the rest elemental balance is most likely 
attributed to three parts: 1) unidentified products in GC chromatograph, 2) condensed deposit 
in reactor transfer line, and 3) gases which could not detected by the IR-gas analyzer (such as 
hydrogen, light alkanes etc.).   
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Table 3. Product distribution from fast pyrolysis of PASC, Sigmacell cellulose and Avicel (PH-101). 
Name of compounds Washed PASC Sigmacell Cellulose Avicel (PH-101) Ave. Std. 
Formic acid 5.55 5.99 5.26 0.34 
Acetaldehyde 0.65 0.58 0.53 0.02 
Furan 0.10 0.07 0.07 0.00 
Acetone 0.07 0.04 0.04 0.00 
Methyl glyoxal 1.10 1.02 0.84 0.04 
2-methyl furan 0.04 0.04 0.03 0.00 
Glycoaldehyde 6.70 7.16 5.54 0.40 
Acetic acid 0.20 0.17 0.12 0.01 
Acetol 0.46 0.36 0.25 0.03 
Furfural 0.52 0.33 0.30 0.02 
2 furanmethanol 0.07 0.07 0.07 0.01 
3 furanmethanol 0.06 0.04 0.04 0.00 
5-methyl furfural 0.06 0.05 0.05 0.00 
All numbers are in wt. %. *Calculated theoretically. 
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Table 3. (continued) 
Name of compounds Washed PASC Sigmacell Cellulose Avicel (PH-101) Ave. Std. 
2(5H) furanone 0.11 0.10 0.08 0.01 
DAXP 2 0.46 0.46 0.42 0.05 
Methyl cyclopentenolone 0.11 0.08 0.06 0.01 
Other DAXP 2 0.30 0.24 0.19 0.03 
5-hydroxy methyl furfural 1.48 0.98 0.72 0.05 
Dianhydro gluco-pyranose 1.21 2.58 2.73 0.10 
Other AXP 0.20 0.43 0.55 0.05 
Levoglucosan 54.83 55.50 54.16 2.51 
Levoglucosan-furanose 4.09 3.84 4.13 0.36 
CO 0.88 1.19 0.97 0.25 
CO2 3.66 4.00 4.65 0.82 
Char 3.16 4.10 3.17 0.56 
Water 4.86* 6.01* 4.78* - 
Total 90.92 95.43 89.47 1.80 
All numbers are in wt. %. *Calculated theoretically. 
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Table 4. Carbon, hydrogen and oxygen balance on fast pyrolysis of PASC, cellulose and Avicel (PH-101). 
Element 
Reactant 
cellulose 
PASC  Sigmacell cellulose  Avicel (PH-101) 
Product Difference  Product Difference Product Difference 
Carbon 44.44 38.72 5.72 40.50 3.94 38.04 6.40 
Hydrogen 6.17 5.32 0.85 5.55 0.62 5.17 1.00 
Oxygen 49.38 46.88 2.50 49.37 0.01 46.52 2.86 
All number are in wt. %. 
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Table 3 shows that pyrolysis product yields from the three types of cellulose are 
similar, although both the degree of crystallinity and polymerization is different within these 
samples. Some increase in the yields of furans occurs for PASC, which appears to be resulted 
from its lower degree of crystallinity. However, under the circumstance of over 90 wt. % 
mass balance, the 0.76 wt. % increase in furans (from Sigmacell cellulose to PASC) is not 
strong enough to make a persuasive conclusion of crystallinity derived change in product 
distribution. Therefore, it could be concluded that there is negligible change in pyrolysis 
product distribution for celluloses with different crystallinity index. Similarly, even smaller 
differences in pyrolytic product distribution has been observed between Sigmacell cellulose 
and Avicel (PH-101), proving that the variation on degree of polymerization within the range 
from 240 (Avicel) to 830 (Sigmacell) would not exert an impact on their primary fast 
pyrolysis.  
The glycosidic bonds between glucose unit and hydrogen bonds arise from various 
hydroxyl groups provide the crystallization tendency of cellulose.
[20]
 Laterally ordered sheets 
with a threefold anisotropy were proposed for the structure of crystalline region in 
cellulose.
[18]
 Van der Waals force exists perpendicular to these ordered sheets, further 
favoring the formation of highly-ordered crystalline lattice. In comparison, the extent of 
hydrogen-bonding and van der Waals attraction is less intensive in the amorphous region of 
cellulose. The carefully controlled hydrolysis for producing Avicel helps to remove the 
amorphous part existing in its starting substrate. While for making PASC, the hydrogen bond 
network and interlaminar van der Waals force were disrupted during the swelling process, 
leading to smaller crystalline region and higher degree of imperfection of amorphous region.  
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In order to understand possible impacts resulted from the difference in hydrogen bond 
and van der Waals force, mechanisms in cellulose fast pyrolysis needs to be reviewed. It has 
been proposed that primary fast pyrolysis of cellulose consists of competitive pathways.
[1]
 
Glycosidic bond cleavage and hydrogen ion transfer would form levoglucosan while 
fragmentation of carbon-carbon bonds in the glucose ring would form C1 to C3 low molecular 
weight compounds.
[1]
 It is reasonable to believe that except for covalent bonds, hydrogen 
bonds and van der Waals force are also cleaved or dissociated during fast pyrolysis. In the 
sense of required energy for bond cleavage, the amorphous cellulose should be easier to be 
split apart than crystalline cellulose. However, it should be noticed that the dissociation 
energy for glycosidic bond was proposed to be around 80 kcal/mol while the values for 
hydrogen bond and van der Waals force were claimed to be around 5 kcal/mol and 2-3 
kcal/mol respectively.
[20]
 It is clear that the dissociation energy of H-bond or Van der Waals 
force is smaller in order of magnitude compared to the one of glycosidic bonds. As a result, 
in the pyrolysis conditions of 500 
O
C with heating rates about 1000 
O
C/s, hydrogen bonds 
and Van der Waals force seem to be very ready to be broken, leading to their weak role in 
influencing final product distribution. Kim et al.
[7]
 reported that degree of crystallinity might 
be an important factor for heat transfer during thermal decomposition of cellulose since it 
influenced the initial decomposition temperature. However, heat transfer issue caused by 
different degree of crystallinity would not occur in the present study since the pyrolysis 
system has been proved to be free of heat transfer and mass transfer limitations.
[1]
  
As for cellulose with different degree of polymerization, previous article shows that 
the yield of levoglucosan during fast pyrolysis has the following trend: polysaccharides > 
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oligosaccharides > disaccharides > monosaccharide.
[1]
 This trend could be explained by 
reviewing the mechanisms for levoglucosan formation (see Figure 1). The glycosidic bond is 
crucial to levoglucosan formation since it is susceptible to cleave to form a chain with 
levoglucosan end and a chain with a non-reducing end if the cleavage doesn’t initiate at end-
chain. If the glycosidic bond cleavage occurs at right end-chain, it would form a chain with 
levoglucosan end and one unit of reducing sugar. Subsequent depropagation from the 
levoglucosan end of this chain will liberate levoglucosan (Figure 1).
[1, 2, 19]
 This 
depropagation continues as the similar fashion and finally achieves the levoglucosan yield in 
fast pyrolysis. As a result, one molecular of reducing sugar, which is glucose in the current 
study, would be formed from each molecular of disaccharide, oligosaccharide or 
polysaccharide. Previous studies have shown that glucose only generate around 10 wt. % of 
levoglucosan during its primary fast pyrolysis, possibly due to the dehydration from glucose 
to form levoglucosan is less kinetically or thermodynamically favored. Therefore, the 
formation of levoglucosan should be inversely proportional to amount of reducing sugar 
formed during fast pyrolysis. The weight percentage of reducing sugar in saccharides has 
been defined as dextrose equivalent.
[22]
 The dextrose equivalent for glucose, cellobiose, 
maltohexaose is 100 %, 52 % and  18.2 % respectively. For cellulose, this value would 
approach 0 since the degree of polymerization of cellulose is much higher than the one for 
disaccharide and oligosaccharide. Therefore, only trace difference on dextrose equivalent 
could be observed among celluloses with different degree of polymerization. As a result, the 
end effect, which liberates the reducing end group, glucose, to diminish the formation of 
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levoglucosan, is negligible for different polymerized celluloses, thus not influencing the 
pyrolytic yield of levoglucosan.  
This mechanism could explain that the evolution of levoglucosan would not be 
affected by the different degrees of polymerization of glucose-based polysaccharides.
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Figure 1. Formation of levoglucosan from glucose-based carbohydrates with different chain length in primary fast pyrolysis
[1, 2]
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Conclusions 
Three types of cellulose with different crystallinities and degrees of polymerization 
were pyrolyzed in the micropyrolyzer-GC-MS/FID system, which could provide high heating 
rates and short residence times for studying primary reaction of fast pyrolysis. To eliminate 
the metal ion derived catalytic effects, the purity of all samples was proved to be qualified 
before pyrolysis. Around 90 wt. % mass balance was achieved for pyrolysis products from 
each cellulose. Similar product distribution was observed for three types of cellulose, 
revealing that neither crystallinity nor degree of polyermization would affect primary fast 
pyrolysis of cellulose.  
Although the extent of H-bonding and Van der Waals force varies between crystalline 
cellulose and amorphous cellulose, under the circumstance of fast pyrolysis, either H-bond or 
Van der Waals force is much more vulnerable to be dissociated than covalent bonds, due to 
their significant difference in dissociation energy. As a result, the role of crystallinity is too 
weak to influence fast pyrolysis of cellulose. Meanwhile, the pyrolytic mechanism of 
glucose-based carbohydrate could illustrate that the evolution of levoglucosan from cellulose 
would not be affected by degree of polymerization, since the end effect, which leads to 
diminished levoglucosan formation, is negligible for the highly polymerized cellulose. 
Therefore, the data from the current study could build up a universal model for the primary 
fast pyrolysis of different types of cellulose.      
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Chapter 3. Lignocellulosic biopolymer interaction during fast pyrolysis 
Introduction 
Previous publications by Pushkaraj showed the understanding on pyrolytic 
mechanism of the individual constituents of biomass (cellulose, hemicellulose and lignin) as 
well as the catalytic effects of minerals during pyrolysis, by applying a reaction system 
providing high heating rate and short vapor residence time, both of which favor a primary 
fast pyrolysis realm with minimized secondary reactions.
[1-4]
 In last chapter, we proved that 
primary pyrolysis of cellulose with different degree of crystallinity and polymerization led to 
a similar product distribution, implying that the hydrogen bonding and Van der Waals force 
could not play a role significant enough to change the primary pyrolysis behavior of cellulose.  
Therefore, it is reasonable to believe that after demineralization celluloses from different 
types of feedstock should have similar pyrolysis behavior. In this chapter, we focus on the 
binary interaction effects between cellulose-lignin and cellulose-hemicellulose during 
primary fast pyrolysis, by building up their pyrolytic products’ distribution and comparing 
this result with the already known individual components’ result. As introduced in the first 
chapter, the possible chemical linkage within binary cellulose-lignin and cellulose-
hemicellulose as well as their physical arrangement inside of biomass may play a role during 
pyrolysis thus influencing the product distribution. A result being that the pyrolysis behavior 
of the binary system could not be explained by the simple addition of its individual 
components. Furthermore, the reactive characteristic of biomass pyrolysis products may also 
lead to the variation in pyrolysis results between binary biomass components and 
superposition of single components. 
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Literature review on relative studies has been done in the first chapter.
[5-19]
 There are 
a number of weaknesses among these studies, leading to unconvincing conclusions which are 
not consistent with each other. Few of them used fast pyrolysis conditions. Instead, reactions 
were carried out in TGA or batch reactor, both of which couldn’t provide fast heating rates or 
short residence time. Only sample weight loss had been studied for some studies. Other 
studies did chemical speciation in pyrolysis products but ended up with incomplete product 
distribution. Except for these shortcomings, most previous studies had two common 
weaknesses. Firstly, Birch wood xylan from sigma-aldrich was represented as hemicellulose. 
Although xylan is the main component in hemicellulose, it may not show the same behavior 
as hemicellulose during pyrolysis since hemicellulose is also composed of mannan, galactan, 
arabinan et al.. Moreover, xylan from sigma-aldrich has an extremely high content of alkali 
and alkaline earth metals, so it is difficult for complete demineralization of xylan.
[3]
  From 
our previous research, even a small presence of such alkali and alkaline earth metals can 
dramatically change the product distribution from cellulose and hemicellulose.
[1]
 Another 
general weakness is that previous researchers seemed to neglect the difference in terms of 
intrinsic structure between physical mixture of cellulose/hemicellulose/lignin and real 
biomass, as the physical and chemical combination pattern of cellulose/hemicellulose/lignin 
in real biomass should be different from simple physical mixture of individual components. 
Such discrepancy may affect the final pyrolytic product distribution.  
Given the complexity of the structure within lignin-carbohydrate complexes as well 
as the convoluted chemical speciation generated during fast pyrolysis, consistent types of 
biomass and representative fast pyrolysis conditions need to be applied, combined with the 
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well-developed analytical techniques in order to uncover the underlying pyrolytic interaction 
mechanisms. In this work, cornstover was firstly chosen for making cellulose-lignin and 
cellulose-hemicellulose native mixtures. Meanwhile hemicellulose and lignin which were 
used as reference substance were isolated from cornstover.  In the current studies, the source 
of interaction effects within binary cellulose-lignin and cellulose-hemicellulose system was 
interpreted from two respects, physical mixing and native combination. After that, native 
cellulose-lignin mixtures were also obtained from pine, red oak and switchgrass to check 
whether the interaction effects derived from native bonding between cornstover cellulose-
lignin is also applicable for other types of biomass. All pyrolysis experiments were carried 
out under typical fast pyrolysis conditions provided by the Frontier micro-pyrolyzer. Based 
on a combination of several analytical techniques including micro-pyrolyzer-GC-MS/FID, IR 
gas analyzer, HPLC etc., almost complete chemical speciation and product distribution can 
be achieved.  
Experimental 
Hemicellulose isolation and purification 
Hemicellulose was extracted from cornstover by an aqueous ammonia treatment 
followed by hot water treatments.
[20, 21]
 Cornstover was procured from the Agromomy Farm 
of Iowa State University. The corn stover was screened to the nominal size of 9–35 mesh. 
Before treatment, the sieved cornstover had been acid washed to remove its inorganic salts. 
The detail for acid washing was described in a previous publication.
[4]
 After acid washing, 
the cornstover was soaked by 15 wt. % aqueous ammonia within flow-through column 
reactor pressurized at 2.3 Mpa. The reactor was settled in an oven set at a temperature of 170 
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O
C overnight to selectively cleave the ether bonds in lignin for delignification. Exhaustive 
washing with DI water was carried out after aqueous ammonia treatment. Then, treated 
cornstover was firmly packed into a flow-through column reactor, within which the 
temperature and pressure is controlled by oven and pressure gauge respectively. 0.07 wt. % 
sulfuric acid was the liquid phase, which went through the reactor with flow rate of 5 ml/min 
in 180 
O
C under the pressure of 2.5 MPa. During hot water treatment, the hydronium cation 
would initiate hemicellulose depolymerization and cleave acetyl groups, and the latter would 
act as a catalyst for further depolymerization of hemicellulose.
[22-24]
 The depolymerized 
hemicellulose could enter the aqueous phase thus being separated from treated cornstover. 
The passed through hot water was collected and dried in vacuum at 50 
O
C, ending up with 
solid particles. The solid was then acid washed with the same condition as previously and 
ground into fine powder.   
Native binary mixture and physical binary mixture 
The native binary mixture was achieved by selectively remove one component, either 
hemicellulose or lignin, from original cornstover, therefore the residue could be regarded as 
the binary system with their original combination pattern, in terms of both morphology and 
chemical bonds. Except for cornstover, hemicellulose removing pretreatment was also 
carried out on pine, red oak and switchgrass respectively to obtain their native cellulose-
lignin binary mixture. The purpose for this is to verify whether interaction effects between 
cellulose-lignin are consistent among different types of feedstock. 
The cellulose-lignin native mixture was obtained by hot-water treatment, with the 
same condition mentioned previously. After hot water treatment, the residue solid inside of 
the flow-through column reactor was dried and ground into a fine powder by a ball mill.  
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The cellulose-hemicellulose native mixture was obtained by delignification using 
sodium chlorite and glacial acetic acid. Approximately ten grams of cornstover was 
immersed in 320 ml DI water with a stir bar inside and heated up to 70 
O
C in an Erlenmeyer 
flask surrounded in a water bath. 1 ml acetic acid and 3 g sodium chlorite were added into the 
flask hourly for three times. During the whole process the Erlenmeyer flask was capped to 
capture chlorine and chlorine dioxide generated in situ. The lignin was oxidized and 
fragmented by the strong oxidant and then became soluble in water. After 3 hours, the 
solution was cooled to room temperature and filtered. The leftover solid was holocellulose, 
which was then acid washed for three times to remove alkaline and alkaline earth metal ions. 
Acid washed holocellulose was ground into a fine powder by a ball mill.     
Biomass sample characterization 
Carbohydrate and lignin content in the biomass samples was analyzed following the 
protocol of the NREL Chemical Analysis and Testing Stardard Procedures: NREL LAP, TP-
510-42618. Before quantification, biomass samples underwent two stage acid hydrolysis: 1) 
72 wt. % sulfuric acid for 1 h at 30 
O
C; 2) 4 wt. % sulfuric acid for 1 h inside of an autoclave 
with the temperature setting at 120 
O
C. Solid residues after two-stage hydrolysis were 
regarded as acid insoluble lignin (AIL). Saccharides, which are in the liquid phase after 
hydrolysis, were quantified by HPLC with a Bio-Rad Aminex HPX-87P column (Bio-Rad 
Laboratories, Hercules, CA) equipped with a refractive index detector. The acid soluble 
lignin (ASL) was quantified by measuring its absorbance at 320 nm on a UV-Visible 
spectrophotometer. Ash content in biomass was determined by oxidizing sample at 575 
O
C 
for 6 h inside of a TGA (Mettler-Toledo Analytical).  
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To analyze the metal ion concentration in biomass samples, induced coupled plasma 
mass spectrometry (ICPMS) was applied. Approximately 100 mg of biomass sample was 
added in 25 ml digestion tube with 10 ml concentrated nitric acid. The digestion tube was 
sealed and put into a microwave for a pressurized heating program: 1) 40 psi for 6 minutes; 2) 
85 psi for 6 minutes; 3) 140 psi for 10 minutes. After digestion, 1 g solution was taken out 
and diluted into 30 ml 1 wt. % nitric acid. The metal ions were then identified and quantified 
by ICPMS after the equipment had been calibrated by standard solutions. The metal ion 
content in biomass was calculated by dilution factor.    
Pyrolyzer-GC-MS/FID experiments 
To perform an experiment, a single-shot micopyrolyzer (Model 2020 iS, Frontier 
Laboratories, Japan) was used.  Before pyrolysis, approximately 500 µg biomass was added 
to a deactivated stainless steel sample cup. The loaded sample cup was then dropped 
gravitationally into a quartz pyrolysis tube, which had an inner diameter of 4.7 mm and a 
length of 114 mm. The uniform pyrolysis temperature, which was 500 
O
C in the present work, 
was maintained by a tubular furnace surrounding the reaction quartz tube. Helium gas, which 
served as the pyrolysis atmosphere and GC carrier gas, flowed through the pyrolysis system 
with a flow rate of 9.9 cm/s. The loaded cup was first purged with helium for 30 seconds to 
remove the oxygen inside, and then discharged into the heated furnace. As demonstrated 
previously, maintaining a sample weight between 200-800 µg and particle size less than 75 
µm ensured negligible heat transfer and mass transfer limitation.
[1]
 During the experiment, 
after the volatile products were generated, they were swept by the helium gas into a Bruker 
430-GC through a deactivated needle. 
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A capillary GC column, ZB-1701 (Phenomenex), with a length of 60 m, inner 
diameter of 0.250 mm and film thickness of 0.250 μm, was used for separation of the volatile 
products. The GC column contained a polar stationary phase consisting of 14 % 
cyanopropylphenyl and 86 % dimethylpolysiloxane. The GC method consisted of an 
injection temperature of 300 
O
C, split ratio of 100:1 and a constant carrier gas flow of 1 
ml/min in the column. The GC ramping program started with a 3 min hold at 35 
O
C, then 
increased to 300 
O
C at a rate of 5 
O
C/min and finally held at 300 
O
C for 4 min. To identify 
products, the GC was connected to a mass spectrometer (MS) (Saturn 2000), which used the 
electron ionization mode with a 10 μamp emission current in the m/z ranging between 10-
300.  The mass spectra of the peaks were compared with standard spectra of chemical 
compounds within the NIST library database. Then the chemical identities were verified by 
running standards of the matching chemicals in the same GC-MS system. As the column 
used had a similar stationary phase composition to previous reports, the elution order of the 
chemical compounds in chromatogram was expected to match.
[25, 26]
 All the pure compounds 
used for peak confirmation were purchased from Sigma–Aldrich (US) except 4-vinyl phenol, 
which was purchased from Alfa Aesar (US). 
After product identification, a flame ionization detector (FID) was substituted for the 
MS for product quantification. The FID was held at 300 
O
C with an air flow rate of 300 
ml/min and hydrogen flow rate of 30 ml/min. The pure compounds used in product 
identification were also used in calibration of the FID results.  Standard solutions of the 
identified chemicals (except for those discussed subsequently) were prepared by dissolving 
them in acetone, which eliminated solute-solvent interaction for the chemicals in the present 
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work.
[2]
 The levoglucosan calibration was performed by pyrolyzing a known amount of 
levoglucosan in the micopyrolyzer-GC-FID system, which gave a single peak corresponding 
to levoglucosan as verified by MS.  For the glycolaldehyde calibration, glycolaldehyde dimer 
was pyrolyzed at about 300 
O
C resulting in a single sharp peak in its chromatogram, which 
was proven to be glycolaldehyde by MS. For dianhydro-xylose (DAXP 1, DAXP 2, other 
DAXP 1 and other DAXP 2), which have a molecular weight of 114, a calibration curve of a 
similar compound - 4-hydroxy-5-methyl-3-furanone (molecular weight 114) - was used to 
determine their yields.  For anhydro-xylanpyranose (AXP, other AXP), dianhydro-
glucopyranose and levoglucosan-furanose, the calibration curve of levoglucosan was applied 
as a proxy to estimate its yield.
[3]
 Eight-point straight line calibration curves (with R
2≥0.95) 
obtained by running duplicate standards at four different concentration levels (or sample 
weight) were established for the pure compounds relating the peak area in GC-FID 
chromatogram to their respective standard concentration (or sample weight). 
To measure CO and CO2 generated during pyrolysis, a De-Jaye gas analyzer 
equipped with an infrared detector was connected to the split line of GC. The concentration 
of CO and CO2 was recorded every second thus the yield of CO and CO2 could be calculated 
by summing up the amount of gas generated over time using the known overall gas flow rate.  
The char yield was obtained by weighing the sample cup before and after pyrolysis using a 
Mettler Toledo microbalance with a sensitivity of 1 μg.  
Results and discussions 
Sample characterization 
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For the individual component in this study, cellulose was purchased from Sigma-
Aldrich, cornstover lignin, isolated using the Organosolv process, was procured from Archer 
Daniels Midland (ADM) and hemicellulose was isolated from cornstover by ammonia 
delignification followed by hot water treatment. The binary native mixture of cellulose-lignin 
was obtained by selectively removing hemicellulose from original biomass and the binary 
native mixture of cellulose-hemicellulose was obtained after the delignification of original 
feedstock. The details for these methods are described in the experimental section. The 
polysaccharide and lignin composition as well as ash content of these samples are listed in 
Table 5-8 (all data are average value of duplicate analysis; all data are based on dry biomass). 
All the samples are analyzed by duplicate. It should be noticed that the residue lignin content 
in hemicellulose is around 21 wt. %, which is caused by the mild delignification by ammonia 
treatment. Since the cellulose pyrolysis is highly sensitive to alkaline and alkaline earth metal 
ions, the extracted hemicellulose should be almost free of these ions before mixing with 
cellulose. The preferential removal method uses ammonia and hot water treatment over 
alkaline delignification and extraction, even though the latter could yield lower lignin content 
in hemicellulose. For the hemicellulose and holocellulose samples, the unaccounted mass 
may be comprised of extractives or protein. 
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Table 5. Component analysis of hemicellulose extracted from cornstover 
 
[a] acid insoluble lignin, [b] acid soluble lignin 
Table 6. Component analysis of cornstover cellulose-lignin native mixture 
Components 
Untreated corn stover 
composition [wt. %] 
 
Treated corn stover 
composition [wt. %] 
Glucan 35.3 
 
64.0 
Xylan 23.0 
 
4.5 
Galactan 1.9 
 
0.0 
Arabinan 4.0 
 
0.0 
Lignin 19.9 
 
25.7 
Protein 4.8 
 
- 
Sucrose 0.6 
 
- 
Ash 4.6 
 
4.4 
Extractives 6.6 
 
- 
Total 100.7 
 
98.6 
Components 
Hemicellulose 
composition [wt. %] 
Glucan 0.2 
Xylan 57.2 
Galactan 0.0 
Arabinan 3.7 
Mannan 0.0 
AIL
[a]
 18.9 
ASL
[b]
 2.3 
Ash 1.1 
Total 83.5 
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Table 7. Component analysis of native cellulose-lignin from different types of feedstock 
Components 
Pine 
 
Red Oak Switchgrass 
Untreated Pretreated 
 
Untreated Pretreated Untreated 
Comp. 
[wt. %] 
Pretreated 
Comp. 
[wt. %] 
Comp. Comp. 
 
Comp. Comp. 
[wt. %] [wt. %] 
 
[wt. %] [wt. %] 
Glucan 35.8 42.9 
 
40.7 52.7 36.2 63.8 
Xylan 8.2 0.0 
 
17.9 0.0 24.3 1.5 
Galactan 3.7 0.0 
 
2.4 0.0 0.8 0.0 
Arabinan 2.7 0.0 
 
0.8 0.0 3.0 0.2 
Mannan 8.4 0.0 
 
1.7 0.0 0.9 0.9 
ASL 6.8 2.6 
 
10.2 5.0 20.8 30.4 
AIL 32.3 53.5 
 
23.1 42.5 1.5 1.9 
Ash 0.7 
  
0.4 
 
0.2 0.2 
n 2 2 
 
2 2 2 2 
Total 98.6 99.0 
 
97.2 100.2 87.7 98.9 
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Table 8. Component analysis of cornstover cellulose-hemicellulose native mixture 
Components 
 
Holocellulose 
composition [wt. %] 
Glucan 45.8 
Xylan 27.6 
Galactan 2.6 
Arabinan 5.0 
Mannan 1.1 
Lignin 3.0 
Ash 3.6 
Total 88.7 
 
Table 9. Mineral content for hemicellulose, native cellulose-lignin and native cellulose hemicellulose 
Element
[a]
 Na Mg Al Si K Ca Fe Cu Zn 
Hemicellulose 22.3 0.6 2.8 - 33.4 4.3 <5 2.3 0.8 
cornstover cellulose/lignin < 8 5.4 22.3 1670 < 7 52.5 45.8 15.3 52.3 
cornstover cellulose/hemicellulose 86.1 5.9 4.1 - 43.8 57.7 <5 5.2 1.9 
[a] Element content is in ppm 
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Previous publications have shown even small amount of alkaline and alkaline earth 
metal ions inside of the polysaccharide could dramatically change the final product 
distribution. Therefore, some treated biomass was analyzed in duplicate by Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS) for metal ion content. Table 9 shows the 
pretreated cornstover hemicellulose, cellulose-lignin and cellulose-hemicellulose have trace 
amount of metal ions (abundance of Si has been proven to be inert for fast pyrolysis). For 
native cellulose-lignin obtained from pine, red oak and switchgrass, pyrolysis had been 
performed before and after acid washing and similar product distribution had been obtained, 
which proved that metal ion content in these samples was negligible even before acid 
washing.  
Product identification  
In previous publications
[1-4]
, we reported the primary pyrolysis product distribution of 
cellulose, hemicellulose and lignin. In the present study, instead of using a non-polar GC 
column, UA-5, a polar column, ZB-1701, with better separation ability and larger response 
factor for biomass pyrolytic products, has been used for identification and quantification of 
all biomass samples. As a result, several compounds, such as methyl glyoxal, furan, 2 (5H) 
furanone et al., which could not be well separated or had too small a response for 
quantification, have been identified. Forty eight compounds (excluding char and gaseous 
compounds) were identified based on their mass spectrum (see Table 10 for peak 
identification information). Amongst these products, thirteen compounds could not be 
definitely identified due to pure standards being unavailable, including unidentified at 16.52 
min. (molecular weight 86), unidentified at 20.86 min. (molecular weight 102), four types of 
dianhydro xylose (DAXP), two types of anhydro xylose (AXP), 1,4;3,6-dianhydro-α-D-
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glucopyranose, dianhydro glucopyranose, 4-ally-2,5-dimethoxy phenol, 1,6-Anhydro- β-D-
glucofuranose and unidentified at 55.69 min. (molecular weight 280). For some of these 
cases, a compound with a similar mass spectrum was used as the standard
[2-4]
, such as 4-
hydroxy-5-methyl-3-furanone for DAXP, levoglucosan for dianhydro glucopyranose, AXP 
and 1,6-Anhydro- β-D-glucofuranose, 4-allyl-2,6-dimethoxy phenol for 4-allyl-2,5-
dimethoxy phenol, sinapyl alcohol for unidentified at 55.69 min..
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Table 10. Retention times of the peaks, major ion(s) detected and the name of the corresponding chemical species identified.  
Refer to Figure 2 and Figure 4 for peak numbers. 
Peak 
no. 
Retention 
time (min.) 
Major ions 
Calibration 
range 
(wt. %)
[b]
 
r
2
 
value 
Compound name 
1 4.92 18,45 0.0-20.0 0.95 Formic acid 
2 5.43 18, 29, 44 0.0-5.0 0.99 Acetaldehyde 
3 5.62 15, 29, 31, 32 0.0-10.0 0.99 Methanol 
4 6.06 29, 38, 39, 68, 0.0-5.0 0.98 Furan 
5 6.53 27, 28, 43, 58 0.0-5.0 0.99 Acetone 
6 6.66 15, 29, 42, 43 0.0-5.0 0.98 Methyl glyoxal 
7 7.62 39, 53, 82 0.0-5.0 0.98 2-methyl furan 
8 9.57 43, 60 0.0-25.0 0.97 Glycolaldehyde 
9 11.43 43, 60 0.0-20.0 0.98 Acetic acid 
10 12.03 43, 74 0.0-20.0 0.99 Acetol 
11 16.52 55, 85 - - Unidentified (mol. wt. 86)
[a]
 
12 17.59 39, 96 0.0-5.0 0.99 2-furaldehyde 
[a] Not confirmed by pure standards, [b]Based on 0.5 mg of feedstock 
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Table 10. (continued) 
Peak 
no. 
Retention 
time (min.) 
Major ions 
Calibration 
range 
(wt. %)
[b]
 
r
2
 
value 
Compound name 
13 19.01 53, 68, 81, 98 0.0-2.5 0.99 2-furan methanol 
14 19.49 39, 55, 68, 98 0.0-2.5 0.99 3-furan methanol 
15 20.86 43, 102 - - Unidentified (mol. wt. 102)
[a]
 
16 21.82 43, 58, 55, 114 - - Other DAXP 1
[a]
 
17 22.05 53, 81, 110 0.0-2.5 0.99 5-methyl furfural 
18 22.17 27, 43, 55, 86, 114 - - DAXP 1
[a]
 
19 22.96 26, 27, 54, 84 0.0-5.0 0.99 2(5H)-furanone 
20 23.68 29, 58, 85, 114 - - DAXP 2
[a]
 
21 24.35 39, 55, 69, 112 0.0-6.0 0.99 2-hydroxy-3-methyl-2-cyclopenten-1-one 
22 25.16 39, 65, 94 0.0-5.0 0.99 Phenol 
23 25.86 53, 81, 109, 124 0.0-5.0 0.99 2-methoxy phenol 
24 25.84 43, 55, 58, 114 - - Other DAXP 2
[a]
 
25 26.61 39, 51, 79, 107 0.0-5.0 0.99 2-methyl phenol 
[a] Not confirmed by pure standards, [b]Based on 0.5 mg of feedstock 
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Table 10. (continued) 
Peak 
no. 
Retention 
time (min.) 
Major ions 
Calibration 
range 
(wt. %)
[b]
 
r
2
 
value 
Compound name 
26 27.6 39, 51, 79, 108 0.0-5.0 0.99 4-methyl phenol 
27 28.8 67, 123, 138 0.0-5.0 0.99 2-methoxy-4-methyl phenol 
28 30.05 107, 122 0.0-5.0 0.99 3-ethyl phenol 
29 31.1 137, 152 0.0-5.0 0.99 4-ethyl-2-methoxy phenol 
30 31.9 39, 69, 98, 144 - - 1,4;3,6-dianhydro-α-D-glucopyranose[a] 
31 32.13 29, 43, 73, 86, 114 - - AXP
[a]
 
32 32.37 63, 91, 107, 120 0.0-10.0 0.99 4-vinyl phenol 
33 32.61 
77, 91, 107, 135, 
150 
0.0-5.0 0.99 2-methoxy-4-vinyl phenol 
34 33.23 55, 113, 149, 164 0.0-5.0 0.99 Eugenol 
35 33.39 39, 97, 109, 126 0.0-5.0 0.99 5-(hydroxymethyl)-2-furancarboxaldehyde 
36 33.91 93, 111, 139, 154 0.0-5.0 0.99 2, 6-dimethoxy phenol 
37 35.28 39, 69, 98, 144 - - Dianhydro glucopyranose
 [a]
 
[a] Not confirmed by pure standards, [b]Based on 0.5 mg of feedstock 
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Table 10. (continued) 
Peak 
no. 
Retention 
time (min.) 
Major ions 
Calibration 
range 
(wt. %)
[b]
 
r
2
 
value 
Compound name 
38 35.67 29, 57, 73, 86, 114 - - Other AXP
[a]
 
39 35.91 77, 103, 133, 164 0.0-5.0 0.99 Iso-eugenol 
40 36.16 107, 125, 153, 168 0.0-5.0 0.99 4-methyl-2,6-dimethoxy phenol 
41 39.25 91, 137, 165, 180 0.0-5.0 0.99 3’,4’-dimethoxy acetophenone 
42 39.67 91, 137, 167, 194 0.0-5.0 0.99 4-allyl-2,6-dimethoxy phenol 
43 42.11 91, 179, 194 - - 4-allyl-2,5-dimethoxy phenol
[a]
 
44 42.21 60, 73, 126, 145 0.0-60.0 0.98 
1,6-anhydro-β-D-glucopyranose 
(Levoglucosan) 
45 42.78 139, 151, 167, 182 0.0-5.0 0.99 3,5-dimethoxy-4-hydroxy benzaldehyde 
46 44.21 153, 181, 196 0.0-5.0 0.99 3,5-dimethoxy-4-hydroxy acetophenone 
47 45.09 73, 85, 126, 145 - - levoglucosan-furanose
[a]
 
48 55.69 71, 149, 167 - - Unidentified (Mol. Wt. 280)
[a]
 
[a] Not confirmed by pure standards, [b]Based on 0.5 mg of feedstock 
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Quantification for cellulose-lignin binary system 
To be consistent, firstly cellulose and hemicellulose pyrolysis products were 
qualitatively analyzed with ZB-1701 column and updated products’ distribution has been 
applied for later comparison within binary mixture. For most products, reproducible data was 
obtained as compared to previous studies. The pyrolysis chromatograph for cellulose, lignin 
and their physical and native mixtures are shown in Figure 2. Comparing with the product 
distribution from individual components (cellulose and lignin), almost no new compounds or 
a negligible amount of new compounds was generated during the primary pyrolysis of either 
physical cellulose-lignin binary mixture or native cellulose-lignin binary mixture.
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 Figure 2. Chromatograph showing the pyrolysis products from a) cellulose, b) lignin, c) 
cellulose-lignin physical mixture and d) cellulose-lignin native mixture
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Figure 2. (continued)
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Table 11 shows the overall product yields from primary pyrolysis of cellulose, lignin, 
and the physical mixture and native mixture of cellulose-lignin respectively (including CO, 
CO2 and char yields). Superposition yields of pyrolytic products have also been calculated by 
fractionally adding the pyrolytic product yields of individual components. By comparing the 
yield from physical mixture and superposition, almost no difference was found, leading to 
the conclusion that no interaction exists in the physical mixture of cellulose-lignin under the 
circumstance of primary fast pyrolysis. However, an apparent change in product distribution 
occurred if the feedstock goes from physical mixture to native mixture. The “Difference” 
column in Table 11 represents the discrepancy from native mixture to superposition in terms 
of product yield and the “Average Std. Dev.” represents the average value of one standard 
deviation of triplicate runs of native and physical mixture. A theoretical calculation of the 
water produced during primary pyrolysis has been calculated by applying the reaction 
equation of dehydration formation for 2-furaldehyde, DAXP 2, other DAXP 2, 5-HMF, 
dianhydro glucopyranose and char (assuming char as pure carbon). With the calculated water 
yield, measured char, gas and GC detectable compounds, an overall mass balance of 83.1 
wt. %, 88.0 wt. % and 87.7 wt. % was made for native cellulose-lignin, physical cellulose-
lignin mixture and individual superposition yield respectively. To perform an elemental 
balance between reactant and products for native cellulose-lignin, an empirical formula for 
cornstover lignin, C10.2H12.2O3.8N0.2, was applied. 
[4]
 Based on the overall product yields listed 
in Table 11, an elemental balance including carbon, hydrogen and oxygen indicated that 
within the products of native cellulose-lignin mixture, 10.79 wt. %, 1.69 wt. % and 3.03 wt. % 
(corresponding to a molecular formula of C10H18.8O2.1) are unaccounted carbon, hydrogen 
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and oxygen respectively. The unaccounted portion might be constituted by oligomers in 
aerosol form as well as hydrogen and light alkanes (such as CH4, C2H6 and C3H8), which 
could not be quantified by the Pyrolyzer-GC-FID and Pyrolyzer-GC-Gas analyzer system 
applied in present study. The oligomers may mainly comprise pyrolytic lignin with a few of 
the cellulose derived oligomeric compounds due to the similarity in terms of molecular 
formula between the unaccounted elements and cornstover lignin. Except for that, a few 
unidentified products in chromatograph also contribute to the unaccounted mass balance.     
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Table 11. Comparison on pyrolysis product distribution among the native mixture,  
physical mixture and superposition of cellulose and lignin 
Compound 
Native 
mixture 
Physical 
mixture 
Superposition Difference 
Average 
Std. Dev. 
Formic acid 7.9 4.40 4.20 3.70 0.25 
Acetaldehyde 1 0.70 0.67 0.34 0.03 
Methanol 0.51 0.48 0.48 0.02 0.03 
Furan 0.06 0.07 0.07 -0.01 0.00 
Acetone 0.11 0.09 0.09 0.01 0.00 
Methyl glyoxal 2.01 0.75 0.74 1.27 0.04 
2-methyl furan 0.08 0.05 0.05 0.03 0.01 
Glycoaldehyde 11.09 5.01 5.03 6.06 0.40 
Acetic acid 2.18 1.86 1.84 0.34 0.22 
Acetol 1.54 0.31 0.30 1.24 0.21 
2-furaldehyde 0.38 0.31 0.31 0.08 0.05 
2-furan methanol 0.12 0.06 0.06 0.07 0.04 
3-furan methanol 0.12 0.03 0.03 0.09 0.04 
5-methyl furfural 0.09 0.04 0.04 0.05 0.02 
2(5H)-furanone 0.26 0.10 0.09 0.17 0.01 
DAXP 2 0.61 0.72 0.75 -0.14 0.02 
2-hydroxy-3-methyl-2-cyclopenten-1-one 0.26 0.08 0.08 0.18 0.03 
Phenol 0.13 0.24 0.23 -0.09 0.00 
2-methoxy phenol 0.42 0.23 0.23 0.19 0.03 
2-methyl phenol 0.03 0.03 0.03 0 0.00 
4-methyl phenol 0.14 0.13 0.13 0.01 0.06 
2-methoxy-4-methyl phenol 0.21 0.20 0.20 0.01 0.02 
3-ethyl phenol 0.07 0.16 0.16 -0.08 0.02 
All numbers are in wt. %. 
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 Table 11. (continued) 
Compound 
Native 
mixture 
Physical 
mixture 
Superposition Difference 
Average 
Std. Dev. 
4-ethyl-2-methoxy phenol 0.69 0.08 0.08 0.61 0.01 
4-vinyl phenol 1.35 1.14 1.11 0.25 0.10 
2-methoxy-4-vinyl phenol 0.63 0.35 0.34 0.29 0.02 
Eugenol 0.05 0.44 0.42 -0.37 0.01 
5-(hydroxymethyl)-2-furancarboxaldehyde 1.4 0.64 0.64 0.76 0.20 
2,6-dimethoxy phenol 0.29 0.27 0.26 0.03 0.02 
Dianhydro glucopyranose 0.99 1.70 1.65 -0.66 0.07 
other AXP (hemicellulose) 0.17 0.35 0.37 -0.2 0.02 
Iso-eugenol 0.29 0.08 0.08 0.21 0.02 
4-methyl-2,6-dimethoxyphenol 0.27 0.20 0.19 0.08 0.00 
3',4'-dimethoxy acetophenone 0.16 0.06 0.06 0.09 0.00 
4-allyl-2,6-dimethoxyphenol 0.1 0.06 0.06 0.04 0.01 
Levoglucosan 25.34 35.80 35.62 -10.28 0.80 
3,5-dimethoxy-4-hydroxy benzaldehyde 0.18 0.02 0.02 0.16 0.03 
3,5-dimethoxy-4-hydroxy acetophenone 0.08 0.05 0.05 0.04 0.00 
Levoglucosan-furanose 0.9 2.50 2.46 -1.56 0.13 
MW280 0 0.13 0.13 -0.13 0.00 
CO 1.43 1.65 1.67 -0.24 0.26 
CO2 6.67 8.10 8.18 -1.51 1.20 
Char 5.59 11.85 11.97 -6.38 1.09 
Ash 4.36 - - - - 
Water 2.79 6.50 6.50 -3.71 - 
Total 83.05 88.02 87.67 4.62 1.84 
All numbers are in wt. %. 
55 
   
On the basis of molecular weight and similarity in structure, the cellulose derived 
pyrolytic products (excluding char, gas and water) from the binary mixture of cellulose-
lignin can be subdivided into three categories: 1) low molecular weight compounds with a 
carbon number from 1 to 3 (such as formic acid, glycoaldehyde, methyl glyoxal etc.), 2) 
furan derivatives with a carbon number from 4 to 6 (such as 2(5H)-furanone, furfural, 5-
HMF etc.), and 3) pyranosic dehydrated sugars with a carbon number of 5 or 6 (such as 
DAXP, levoglucosan etc.). Interestingly, as shown in Table 11, the difference in product 
distribution between the native cellulose-lignin and the physical mixture of cellulose-lignin 
(or superposition of the individual components) had certain trends within each of those three 
categories. For pyrolytic products from native cellulose-lignin, the total yield of C1 to C3 
compounds increased by 12.61 wt. %, which was mainly attributed to a 6.06 wt. % increase 
in glycoaldehyde and a 3.7 wt. % increase in formic acid. Similarly but less intensively, more 
furans were produced from the pyrolysis of native cellulose-lignin (with a total yield 
increasing by 1.4 wt. %, of which more than half was attributed to 5-HMF). Accompanied 
with higher yields of low molecular weight compounds as well as furan derivatives, lower 
yields of pyrans were generated during the pyrolysis of native cellulose-lignin, mainly 
attributed to a 10.28 wt % decrease of levoglucosan yield. This might be explained by a 
competitive feature among reactions within cellulose primary pyrolysis, which has been 
proposed in previous publications
[1, 2]
. These reactions are most likely to occur via a 
concerted mechanism based on kinetic studies from Vinu.
[42]
 In the condition of fast 
pyrolysis, the cellulose polymer chain may undergo glycosidic bond cleavage to form a chain 
with levoglucosan end and a chain with non-reducing end. Subsequent glycosidic bond 
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cleavage on the chain with levoglucosan end would generate one molecule of levoglucosan 
and another levoglucosan-end chain. Following depropagation would occur on the 
levoglucosan-end chain in a similar fashion. The second reaction route for cellulose might 
undergo dehydration and glycosidic bond cleavage to form dianhydro glucopyranose, or via 
C5 –C6 fragmentation on glucose unit and then dehydration to form dianhydro xylose 
products with the cleavage of glycosidic bond. To generate furans and lower molecular 
compounds, the glucose unit on cellulose chain may first undergo ring open to form a six 
carbon compound with multiple hydroxyl groups and an aldehyde group at the end. This 
open ring form could further undergo fragmentation, cyclization and dehydration, ending up 
with C4, C5 or C6 furan derivatives and C1 to C3 low molecular weight species
[2]
. For example, 
glycoaldehyde might be derived by retro-aldol reaction from the ring opening glucosyl while 
acetol and methyl glyoxal might be formed by carbon-carbon bond scission at the C3 
position
[27]
. C-6 furans (such as 5-HMF, 5-methyl furfural etc.) could be generated through 
recyclization of ring opening glucosyl into the stable and kinetically favored furanic structure 
followed by dehydration.
[2]
 Except for the above dehydration and recylization reactions, 
fragmentation may be involved during the generation of C4 and C5 furans coupled with the 
formation of C1 or C2 compounds.
[28-31]
 Therefore, during pyrolysis of native cellulose-lignin, 
the formation of levoglucosan, pyrans, furans and low molecular weight products compete 
with each other and finally achieve the product distribution listed in Table 11.  
As mentioned in the introduction, the major difference between native cellulose-
lignin and physical cellulose-lignin is how these two components are chemically or 
physically intertwined with each other. Some literatures articles have proposed that covalent 
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bonds, most likely ether bonds, exist between the cellulose and lignin within biomass.
[32-34]
 
For example, Jin et al.
[32]
 applied a carboxymethylation method on a native cellulose-lignin 
mixture and then measured the yield of cellulose in water-soluble phase. They observed the 
existent of covalent linkages between cellulose and lignin in wood biomass. Zhou et al.
[35]
 
used a natural isotopic ratio between 
16
O and 
18
O to prove the existence of oxygen containing 
covalent bonds within native cellulose-lignin isolated from Zea Mays leaves. Moreover, by 
methylating a native cellulose-lignin and detecting the methylated position on cellulose, 
some researchers
[35-39]
 suggested that the formation of such ether bonds occur at the C6 
position on glucose unit in the cellulose chain. Yoram et al.
[40]
 also suggested that the 
hydroxyl group at the C6 position in the glucose unit has the highest activity when a kinetic 
equation on the polymerization of levoglucosan was built up. This might infer that the C6 
hydroxyl is more kinetically favored to be covalently connected with lignin if such a covalent 
bond does exist.  
The assumption mentioned above could well explain the decreased yield of 
levoglucosan from the pyrolysis of native cellulose-lignin. Previous publication has shown 
that polysaccharides with 1, 6-glycosidic linkages generate considerably less levoglucosan as 
compared to other glucose-based polysaccharides.
[2]
 For 1, 6-glycosidic linked 
polysaccharides, one glycosidic bond cleavage would not readily form a chain with 
levoglucosan end since the oxygen atom at the C6 position on the end unit of the generated 
chain is connected to the neighbouring glucose unit by a glycosidic bond. In this case, the 1, 
4-anhydride glucosyl may be formed as an intermediate step, which probably requires a 
higher activation energy because of its boat configuration. Similarly, once the glucose unit in 
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cellulose is covalently bonded (probably by an ether linkage) with lignin at the C6 position, it 
would be difficult to form levoglucosan-end chain after glycosidic bond cleavage since the 
oxygen in C6 position connects to lignin unit to prevent the formation of ring closure 
levoglucosan (Figure 3). An impediment to the formation of levoglucosan would facilitate its 
competitive reactions, such as the formation of furans and C1 to C3 low molecular weight 
products, thus leading to higher yields of these compounds at the expense of levoglucosan 
evolution. Table 11 also shows the decreased yield of pyranosic dehydrated sugars (DAXP 2, 
dianhydroglucopanose, and other AXPs) for the native mixture, which indicates C5 –C6 
fragmentation and dehydration reactions might proceed proportionally to the formation of 
levoglucosan.  
                   
Figure 3. Pyrolysis mechanisms of cellulose covalently linked with lignin (L: lignin) 
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Table 11 also shows the formation of lignin-derived phenols was enhanced from the 
pyrolysis of native cellulose-lignin, except for phenol, 3-ethyl phenol, eugenol and MW 280. 
Compared to the physical mixture, a 1.43 wt. % increase in total amount of phenols was 
observed, accompanied by a 1.51 wt. % decrease in CO2 yield. Moreover, as for native 
cellulose-lignin, char yield decreased by 6.38 wt. % relative to the physical mixture. It should 
be noticed that Organosolv lignin has been used for making the physical mixture of cellulose-
lignin. A possible explanation for the above differences might refer to a difference in 
chemical structure between native lignin and Organosolv lignin. Native lignin is likely to 
have a higher degree of polymerization compared with Organosolv lignin, which is isolated 
by hydrolytic cleavage of ether bond from native lignin. Moreover, because of the hydrolytic 
cleavage, the Organosolv process is likely to introduce more hydroxyl groups.
[41]
 These 
hydroxyl groups formed in Organosolv lignin tends to decrease the volatility of its pyrolytic 
products, which might facilitate the char formation. More hydroxyl groups might also favor 
formation of CO and CO2 during fast pyrolysis. Furthermore, different than hydrolytic 
cleavage in Organosolv process, the pyrolytic cleavage on ether bonds in the native lignin 
would form phenols with unsaturated bonds at the cleaving end, which might lead to higher 
yield of phenols with unsaturated end from native cellulose-lignin (shown in Table 11.).  
Cellulose-lignin interaction effects in different feedstocks 
The previous section shows that interaction effects had been observed during primary 
pyrolysis of native cornstover cellulose-lignin. When pyrolyzing the native mixture, 
levoglucosan yield becomes smaller than the one from either physical mixture or 
superposition while yields of furans and low molecular products shows the opposite trend. 
These phenomena have been possibly attributed to the covalent linkage between cellulose 
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and lignin within original biomass. Therefore, it is interesting to verify whether such 
interaction effects also exist in other types of biomass since it has been proposed that the 
relative abundance of covalent linkage between cellulose and lignin is different for different 
types of biomass. Jin et al.
[32]
 performed a carboxymethylation experiment to verify the 
existence of covalent bonds between cellulose and lignin in both hardwook and softwood and 
concluded that such linkages are more abundant in softwood than hardwood. However, this 
method is more qualitative than quantitative because even one covalent linkage between 
cellulose and lignin would prevent the entire cellulose chain from dissolving in the aqueous 
phase. On the other hand, Zhou et al.
[35]
 developed an isotopic method by using O
18
/O
16
 ratio 
to quantify the oxygen containing covalent linkages between cellulose and lignin in 
cornstover and A. cunninghamii wood. Their results inferred more covalent bonds between 
cellulose-lignin in cornstover than the ones in A. cunninghamii, possibly because the 
herbaceous biomass is phytochemically different than the wood biomass, assuming both 
cornstover and A. cumminghamii are quite representative for their own category. If these 
results from above literatures exhibit the real situation of covalent linkages between 
cellulose-lignin in different types of biomass, the derived interaction effects within native 
cellulose-lignin mixtures during their primary fast pyrolysis should depend on the source of 
feedstock.  
To unravel this issue, three other types of biomass, pine, red oak and switchgrass, 
which are also considered as mainstream feedstock, had been chosen for further study. Pine 
is typical softwood and red oak is a typical hardwood, while switchgrass represents another 
type of herbaceous biomass. Then, all three types of biomass had been pretreated to remove 
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their hemicellulose component using the same method as cornstover hemicellulose removal. 
Results for sample composition analysis are listed in Table 7, which show the successful 
removal of hemicellulose. 
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Table 12. Pyrolysis product distribution of native cellulose-lignin from pine and red oak  
and comparison on yields of cellulose derived pyrolysis products 
Compounds 
Pine 
cellulose 
-lignin 
Std. 
Dev. 
Yield based 
on cellulose 
composition 
Red oak 
cellulose 
-lignin 
Std. 
Dev. 
Yield based 
on cellulose 
composition 
cellulose 
Formic acid 
       
Acetaldehyde 1.03 0.08 
 
0.81 0.01 
  
Methanol 0.67 0.08 
 
1.44 0.02 
  
Furan 0.06 0.00 
 
0.08 0.00 
  
Acetone 0.11 0.01 
 
0.12 0.00 
  
Methyl glyoxal 0.84 0.03 1.97 0.48 0.00 0.91 1.02 
2-methyl furan 0.04 0.01 
 
0.05 0.00 
  
Glycoaldehyde 4.23 0.56 9.85 2.77 0.03 5.26 7.16 
Acetic acid 0.31 0.07 
 
0.60 0.02 
  
Acetol 0.37 0.04 0.87 0.29 0.02 0.55 0.36 
Furfural 0.20 0.03 0.48 0.21 0.01 0.40 0.33 
2 furanmethanol 0.07 0.00 0.16 0.06 0.00 0.11 0.07 
3 furanmethanol 0.06 0.00 0.14 0.07 0.01 0.13 0.04 
5-methyl furfural 0.06 0.00 0.14 0.11 0.03 0.21 0.05 
2(5H) furanone 0.06 0.00 
 
0.05 0.01 
  
MW 114 DAXP 2 0.34 0.08 0.79 0.32 0.03 0.61 0.46 
Methyl cyclopentenolone 0.12 0.01 0.28 0.12 0.01 0.23 0.08 
Phenol 0.14 0.01 
 
0.05 0.00 
  
2-methoxy phenol 0.82 0.09 
 
0.57 0.01 
  
Other DAXP 2 0.01 0.01 0.02 0.00 0.00 0.00 0.24 
2-methyl phenol 0.06 0.00 
 
0.03 0.00 
  
4-methyl phenol 0.10 0.01 
 
0.06 0.02 
  
2-methoxy-4-methylphenol 1.44 0.12 
 
0.53 0.01 
  
3,5-dimethyl phenol 0.06 0.01 
 
0.00 0.00 
  
All numbers are in wt. %. 
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Table 12. (continued) 
Compounds 
Pine 
cellulose 
-lignin 
Std. 
Dev. 
Yield based 
on cellulose 
composition 
Red oak 
cellulose 
-lignin 
Std. 
Dev. 
Yield based 
on cellulose 
composition 
cellulose 
3-ethyl phenol 0.04 0.00  0.02 0.00   
4-ethyl-2-methoxy phenol 0.21 0.02  0.08 0.00   
4-vinyl phenol 0.07 0.00 
 
0.00 0.00 
  
2-methoxy-4-vinyl phenol 0.52 0.05 
 
0.22 0.03 
  
Eugenol 0.08 0.01 
 
0.03 0.00 
  
5-hydroxy methyl furfural 0.52 0.06 1.22 0.52 0.01 0.99 0.98 
2,6-dimethoxy phenol 0.00 0.00 
 
0.60 0.11 
  
Dianhydro glucopyranose 0.69 0.05 1.60 0.67 0.05 1.27 2.58 
Other AXP 0.15 0.02 0.35 0.04 0.03 0.07 0.43 
Iso-eugenol 0.69 0.06 
 
0.22 0.00 
  
4-methyl-2,6-dimethoxy phenol 0.00 0.00 
 
1.09 0.07 
  
3’,4’-dimethoxy acetophenone 0.00 0.00 
 
0.22 0.03 
  
4-allyl-2,6-dimethoxy phenol 0.00 0.00 
 
0.18 0.01 
  
Levoglucosan 24.58 2.98 57.31 29.53 0.29 56.04 55.50 
3,5-dimethoxy-4-hydroxy-benzaldehyde 0.00 0.00 
 
0.07 0.00 
  
3,5-dimethoxy-4-hydroxy-acetophenone 0.00 0.00 
 
0.10 0.00 
  
Levoglucosam-furanose 1.61 0.27 3.75 2.44 0.22 4.62 3.84 
CO 2.40 0.19 
 
2.98 0.36 
  
CO2 7.09 0.20  
7.85 0.33 
  
Char 26.70 0.14 
 
22.30 0.42 
  
Water        
Total 76.55 3.51 78.93 77.99 1.04 71.38 73.12 
All numbers are in wt. %. 
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Pyrolysis of native cellulose-lignin obtained from pine and red oak was performed 
and product distribution was listed in Table 12. In order to examine the interaction effects, 
products only or mainly derived from cellulose were picked out and their yields were divided 
by the corresponding cellulose weight content in native mixtures. These normalized yields 
were also listed in columns named as “Yield based on cellulose composition” and compared 
with the standard yield from cellulose. Lignin derived products were not compared due to 
lack of reference substance. Table 12 shows that less than 80 wt. % mass balance had been 
achieved for both native mixtures, which was mainly resulted from the unquantified formic 
acid and pyrolysis water. The peak for formic acid was overlapped with one lignin derived 
peak, which might be differentiated by number of fragmentation ions in MS. Elemental 
analysis on feedstock or GC-MS quantification might be helpful to obtain the yield of 
pyrolysis water.  
It is interesting that the levoglucosan yield from both native mixtures is not 
diminished compared to the standard yield from pure cellulose. Previous discussion showed 
that the covalent linkage between cellulose-lignin is highly likely to exist and if such linkage 
is located at C6 position on glucose unit in cellulose chain, it would possibly diminish the 
formation of levoglucosan. Therefore, there are two possible reasons for the intact 
levoglucosan yield. One reason is that the number of such covalent bonds in pine and red oak 
is less compared to the ones in cornstover. Another reason might be that few covalent 
linkages within cellulose-lignin in red oak and pine are located in the C6 position. As 
mentioned previously, since some studies 
[35-39]
 had proved that the C6 position on glucose 
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unit is most liable to be connected with lignin in the case of wood biomass, it is likely that 
the first reason is more reliable.  
For other cellulose derived products, decrease on total yield of dehydrated pyrans and 
increasing amount of furans are observed for both pine and red oak compared to the ones 
from pure cellulose pyrolysis. However, the yield change in low molecular weight products 
shows reverse trend for pine and red oak, with increasing yield for the former one while 
decreasing yield for the latter one. These exchanges in product distribution are possibly 
resulted from the way cellulose and lignin intertwine chemically or physically in different 
feedstocks, which need to be examined by further characterization on their original structure.  
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Table 13. Pyrolysis product distribution of native cellulose-lignin from switchgrass  
and comparison on yields of cellulose derived pyrolysis products 
Compounds 
Switchgrass 
cellulose-lignin 
Std. 
Dev. 
Yield based 
on cellulose 
composition 
cellulose 
Formic acid     
Acetaldehyde 1.03 0.08 
  
Methanol 0.44 0.02 
  
Furan 0.07 0.01 
  
Acetone 0.11 0.02 
  
Methyl glyoxal 1.43 0.11 2.24 1.02 
2-methyl furan 0.06 0.00 
  
Glycoaldehyde 9.52 0.63 14.92 7.16 
Acetic acid 0.14 0.05 
  
Acetol 0.75 0.07 1.17 0.36 
Furfural 0.29 0.01 0.45 0.33 
2 furanmethanol 0.09 0.00 0.15 0.07 
3 furanmethanol 0.09 0.00 0.14 0.04 
5-methyl furfural 0.19 0.01 0.29 0.05 
2(5H)-furanone 0.17 0.01 
  
DAXP 2 0.37 0.02 0.58 0.46 
Methyl cyclopentenolone 0.21 0.03 0.33 0.08 
Phenol 0.17 0.02 
  
2-methoxy phenol 0.46 0.01 
  
Other DAXP 2 0.00 0.00 0.00 0.24 
2-methyl phenol 0.04 0.00 
  
4-methyl phenol 0.18 0.00 
  
2-methoxy-4-methyl phenol 0.39 0.03 
  
3-ethyl phenol 0.10 0.00 
  
All numbers are wt. %. 
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Table 13. (continued) 
Compounds 
Switchgrass 
cellulose-lignin 
Std. 
Dev. 
Yield based 
on cellulose 
composition 
cellulose 
4-ethyl-2-methoxy phenol 0.13 0.01   
4-vinyl phenol 0.86 0.03 
  
2-methoxy-4-vinyl phenol 0.47 0.01 
  
Eugenol 0.04 0.00 
  
5-hydroxy methyl furfural 1.02 0.02 1.60 0.98 
2,6-dimethoxy phenol 0.24 0.01 
  
Dianhydro glucopyranose 1.03 0.06 1.61 2.58 
Other AXP 0.15 0.00 0.24 0.43 
Iso-eugenol 0.29 0.01 
  
4-methyl-2,6-dimethoxyphenol 0.33 0.02 
  
3,4-dimethoxyl acetophenone 0.12 0.01 
  
4-allyl-2,6-dimethoxyphenol 0.08 0.01 
  
Levoglucosan 26.37 0.91 41.33 55.50 
4-allyl-2,5-dimethoxyphenol 0.35 0.30 
  
3,5-dimethoxy-4-hydroxy benzaldehyde 0.08 0.02 
  
3,5-dimethoxy-4-hydroxy acetophenone 0.07 0.01 
  
Levoglucosan-furanose 1.01 0.02 1.58 3.84 
CO 1.70 0.11 
  
CO2 5.86 0.32   
Char 13.80 0.71 
  
Total 70.26 0.99 66.63 73.12 
All numbers are wt. %. 
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Table 13 shows the pyrolytic product distribution of switchgrass cellulose-lignin. 
Around 70 wt. % mass balance has been obtained due to the unaccounted formic acid, 
pyrolysis water and other unidentified products. Same as previous section, the normalized 
yields of cellulose derived products are compared with the ones from pure cellulose pyrolysis. 
It is clear from these results that the levoglucosan yield is diminished accompanied by 
increasing yield for furans and low molecular weight compounds due to the interaction 
effects within switchgrass cellulose-lignin. This interaction behavior matches well with the 
one for cornstover cellulose-lignin, not only qualitatively but also quantitatively. To be 
specific, for switchgrass cellulose-lignin, levoglucosan yield based on cellulose composition 
is 41.33 wt. %. For cornstover cellulose-lignin, levoglucosan yield is 25.34 wt. % (Table 11), 
which will be 39.60 wt. % if being normalized on its cellulose composition. For other 
cellulose derived products, similar extent of yield change is also observed for both 
switchgrass and cornstover cellulose-lignin.  
To sum up, the interaction effects between native cellulose-lignin are apparent for 
herbaceous biomass, which would depress the formation of levoglucosan while enhance the 
formation of LMW compounds and furans. However, such interaction effects are much 
weaker in the case of wood biomass. Considering that these interaction effects are most 
likely resulted from the native covalent linkages between cellulose-lignin, it might be 
deduced that herbaceous biomass has more cellulose-lignin covalent linkages than wood 
biomass. Therefore, it seems that the results from Zhou et al.
[35]
  are more representative and 
it is also reasonable to believe that the isotopic labeling methodology in his study is more 
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capable for covalent bond quantification than the carboxymethylation experiment performed 
by Jin et al.
[32]
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Quantification for cellulose-hemicellulose binary system 
 
 
 
 
Figure 4. Chromatograph showing the pyrolysis products from a) cellulose, b) hemicellulose, 
c) cellulose-hemicellulose physical mixture and d) cellulose-hemicellulose native mixture 
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Figure 4. (continued) 
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Table 14. Pyrolysis product distribution of extracted hemicellulose 
Compound Hemicellulose Std. Dev. 
Formic acid 8.20 0.94 
Acetaldehyde 1.15 0.07 
Furan 0.10 0.00 
Acetone 0.13 0.02 
Methyl glyoxal 3.31 0.31 
2-methyl furan 0.09 0.00 
Glycoaldehyde 12.85 1.09 
Acetic acid 0.18 0.02 
Acetol 1.20 0.04 
2-furaldehyde 2.20 0.12 
2-furan methanol 0.31 0.02 
3-furan methanol 0.17 0.01 
Other DAXP 1 0.49 0.02 
5-methyl furfural 0.64 0.04 
DAXP 1 2.83 0.23 
2(5H)-furanone 0.49 0.04 
DAXP 2 13.34 0.20 
2-hydroxy-3-methyl-2-cyclopenten-1-one 0.20 0.02 
Other DAXP 2 0.88 0.07 
5-(hydroxymethyl)-2-furancarboxaldehyde 0.20 0.00 
Other AXP 7.14 0.62 
Levoglucosan 0.81 0.03 
Levoglucosan-furanose 0.13 0.00 
Char 9.44 1.19 
CO 1.72 0.26 
CO2 6.02 0.59 
Water 14.98 - 
Total 89.20 2.75 
All numbers are in wt. %. 
The pyrolysis chromatograph for cellulose, hemicellulose and their physical and 
native mixture is shown in Figure 4. The “hemicellulose” here refers to the demineralized 
hemicellulose with residual lignin. The pyrolysis product distribution for this hemicellulose 
is listed in Table 14. It should be noticed that the product yield shown in Table 14 was 
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normalized based on the saccharide content in the extracted hemicellulose, since the 
pyrolysis behavior of residue lignin is beyond the scope of this section. Therefore, the residue 
lignin derived phenols were not shown in Table 14. For the products which could be 
generated from both hemicellulose and lignin, such as CO, CO2, char et al., their yield was 
modified according to the 21.2 wt. % residual lignin (Table 5), assuming that the pyrolysis 
product distribution of single lignin is applicable in this case.
[4]
 Similarly as in a previous 
section, the theoretical water yield during pyrolysis has been obtained using the dehydration 
reaction equation for 2-furaldehyde, DAXP, 5-HMF, dianhydro glucopyranose and char 
(assuming char as pure carbon). As a result, a total mass balance of 89.20 wt. % was 
achieved. Based on this product distribution combined with the component analysis in Table 
5, an elemental balance of carbon, hydrogen and oxygen was made and the result indicates 
7.69 wt. % carbon, 1.18 wt. % hydrogen and 1.93 wt. % oxygen were the differences 
between reactant and products. One possible reason for the rest carbon could be the 
transglucosylation reaction among xylosyl ions along the transfer line of the reactor, ending 
up with the unaccounted char. Moreover, unquantified peaks in the chromatograph as well as 
other gases, such as hydrogen and alkanes, could also contribute to the rest elemental balance. 
Comparing with previous product distributions of hemicellulose which was isolated by 
alkaline extraction, the difference should come from the different isolation method for 
hemicellulose, which could lead to different sugar compositions, levels of residual inorganic 
salts and degree of polymerization.   
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Table 15. Comparison on pyrolysis product distribution among native mixture, physical mixture  
and superposition of cellulose-hemicellulose 
Compound 
Native 
mixture 
Physical 
mixture 
Superposition Difference 
Average 
Std. Dev. 
Formic acid 7.19 6.43 6.95 0.24 0.73 
Acetaldehyde 0.91 0.78 0.83 0.08 0.04 
Furan 0.14 0.08 0.08 0.06 0.00 
Acetone 0.14 0.08 0.08 0.06 0.01 
Methyl glyoxal 0.60 1.99 2.02 -1.42 0.13 
2-methyl furan 0.08 0.07 0.06 0.02 0.00 
Glycoaldehyde 2.94 9.74 9.63 -6.69 0.75 
Acetic acid 5.09 0.15 0.18 4.91 0.03 
Acetol 0.33 0.74 0.72 -0.39 0.04 
2-furaldehyde 1.38 1.23 1.14 0.24 0.05 
2-furan methanol 0.13 0.19 0.17 -0.04 0.00 
3-furan methanol 0.11 0.11 0.10 0.01 0.00 
Other DAXP 1 0.42 0.28 0.21 0.21 0.00 
5-methyl furfural 0.15 0.34 0.31 -0.16 0.01 
DAXP 1 1.19 1.44 1.23 -0.04 0.03 
2(5H)-furanone 0.36 0.32 0.27 0.09 0.03 
DAXP 2 1.26 6.28 6.06 -4.80 0.09 
2-hydroxy-3-methyl-2-cyclopenten-1-one 0.17 0.22 0.13 0.04 0.03 
Other DAXP 2 0.20 0.60 0.52 -0.32 0.01 
AXP 0.86 0.00 0.00 0.86 0.10 
5-(hydroxymethyl)-2-furaldehyde 1.27 0.75 0.64 0.63 0.02 
Dianhydro glucopyranose 1.65 1.26 1.46 0.19 0.11 
All numbers are in wt. %. 
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Table 15. (continued) 
Compound 
Native 
mixture 
Physical 
mixture 
Superposition Difference 
Average 
Std. Dev. 
Other AXP 1.52 3.40 3.34 -1.82 0.23 
Levoglucosan 30.87 29.56 31.74 -0.87 1.78 
Levoglucosan-furanose 2.65 1.95 2.23 0.42 0.08 
Char 9.18 6.17 6.42 2.76 0.45 
CO 2.11 1.95 1.72 0.39 0.10 
CO2 10.94 6.61 5.87 5.07 0.71 
Water 12.82 9.74 9.88 2.94 - 
Total 96.66 92.48 93.97 2.69 2.73 
All numbers are in wt. %. 
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Table 15 shows the pyrolysis product distribution of the native mixture, physical 
mixture and superposition of cellulose-hemicellulose, the ratio of which is the same as the 
native one. The “Difference” column in Table 15 represents the discrepancy between the 
native mixture and superposition in terms of product yield. The “Average Std. Dev.” 
represents one standard deviation of triplicate runs of both the native and physical mixtures. 
Similarly, all product yields were normalized based on saccharide content in the original 
biomass. Overall mass balances of 96.66 wt. %, 92.48 wt. % and 93.97 wt. % were achieved 
for native mixture, physical mixture and superposition, respectively. Elemental balance for 
the native mixture shows that 4.99 wt. % carbon and 1.07 wt. % hydrogen were the 
differences between reactant and products, which might be explained in the same way as 
hemicellulose. Surprisingly, 2.72 wt. % more oxygen is obtained within the native mixture’s 
products compared to their reactant. This may be the result of the residual acetic acid from 
the delignification process step when making the holocellulose, the amount of which was not 
quantified in the biomass composition analysis. Although the native mixture had been 
washed several times, some acetic acid may have remained, which was noticed by the 
washed holocellulose giving off an acetic acid-type aroma. Therefore, the feedstock actually 
may have had more carbon, hydrogen and oxygen than the summation of saccharide in 
holocellulose (Table 8), which was used in the elemental balance calculation.  
It is shown in Table 15 that the pyrolysis yield from the physical mixture matches 
well with the superposition yield. Although for some major compounds, such as 
levoglucosan, formic acid and char, differences in yield exist, it cannot be concluded that 
interactions are present within the physical mixture since the differences are close to or 
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within the standard deviation. The non-interaction effect in the physical mixture of cellulose-
hemicellulose was expected because of the similar chemical speciation amongst pyrolysis 
products from cellulose and hemicellulose. Although product concentrations in the gas phase 
would be changed when pyrolyzing the physical mixture comparing with the single 
component, it did not lead to a change in gas phase reactions in the helium gas phase and 
short residence time. 
Table 15 also compares the native cellulose-hemicellulose with the superposition 
yield. Based on the route for formation, the products could break down to six categories: 
1)levoglucosan, 2) gases 3) low molecular weight products, 4) DAXP and AXP, 5) char, and 
6) HMF and dianhydro glucopyranose. It is clear from the results that a similar levoglucosan 
yield has been achieved for both the native mixture and individual superposition, implying 
that the hydrogen bonding and morphology of intertwined cellulose and hemicellulose did 
not influence levoglucosan evolution. However, a difference has been shown for other 
product yields, which can be studied corresponding to the divided categories mentioned 
above. It is apparent that more CO2 and acetic acid have been generated from the native 
mixture, which could be explained by the residual acetic acid mentioned previously. When 
heated up to 440 
O
C, acetic acid begins to be partly decomposed. Therefore, during pyrolysis 
the residual acetic acid could either be volatilized and exit the reaction zone or decompose 
into CO2 and methane, leading to increases in their yield. For most other major low 
molecular weight products, their yield from the native mixture is apparently lower than 
superposition. This is possible due to the difference in degree of polymerization in native 
hemicellulose and extracted hemicellulose, since during extraction the hemicellulose has to 
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be decomposed into oligomers in order to dissolve in the aqueous phase. Therefore, the 
extracted hemicellulose should have a lower degree of polylmerization compared to the 
native one. For C5 pyrans such as DAXP and AXP, their yield from the native mixture is 
significantly lower than the one from the superposition, which might be explained by 
competitive transglucosylation reactions, which lead to the formation of char.
[3]
 For 
dianhydro glucopyranose and 5-HMF, which can only derive from C6 saccharides, their yield 
is higher in the product distribution from the native mixture. The reason for this might be the 
different sugar composition in native and extracted hemicellulose. Table 5 and Table 8 show 
that the extracted hemicellulose has less C6 carbon saccharides compared to the native one. 
The resulting different ratio of C5 to C6 saccharides between native mixture and 
superposition would be a possible factor influencing relative differences in the yield of C5 
and C6 saccharide derived products.   
To sum up, in the regime of primary fast pyrolysis, product distributions from the 
physical mixture can be explained by the calculated superposition yield; for the native 
mixture, the levoglucosan yield is consistent with the one in superposition while the 
discrepancy in yield for other products might mainly result from the different methods for 
biomass pretreatment.  
Conclusions 
The goal of the current work was to investigate possible interaction effects within 
cellulose-hemicellulose and cellulose-lignin under the regime of primary fast pyrolysis. To 
fulfill the objective, the pyrolysis behavior of the native binary mixture was compared with 
the physical mixture as well as a superposition of single components.  The native mixture had 
79 
   
been successfully obtained by selectively removing one biomass component (either 
hemicellulose or lignin) from cornstover, the result of which was verified by biomass 
characterization. An almost complete fast pyrolysis product distribution has been made by 
using an online micropyrolyzer-GC-MS/FID and gas analyzer. It has been found that there is 
almost no interaction within either physical mixture. Nevertheless, the product distribution of 
the native cornstover cellulose-lignin could not be well explained by the one from physical 
mixture or superposition. Apparent diminishment on levoglucosan yield has been observed 
for native cellulose-lignin coupled with an increase in low molecular weight compounds and 
furans. This might be the result from the inherent covalent linkages, which intertwined 
cellulose and lignin within the original cornstover. Such ether or ester linkages, which 
possibly connect lignin molecular to the 6
th
 carbon in the glucose unit in cellulose chains, 
would lead to levoglucosan having a greater difficulty to be released from cellulose during 
fast pyrolysis, thus favoring the formation of other products due to the competitive pathway 
in cellulose fast pyrolysis. Furthermore, native cellulose-lignin obtained from three different 
feedstocks had been pyrolyzed to check whether such interaction effects are also applicable 
for other biomass. The results show that  switchgrass has similar pyrolytic cellulose-lignin 
interaction as cornstover while cellulose-lignin mixtures from pine and red oak don’t exhibit 
decreased yield of levoglucosan, possibly due to the less cellulose-lignin covalent bonding in 
wood biomass compared to herbaceous biomass.  
For native cellulose-hemicellulose, its difference from superposition in terms of 
product distribution would mainly derive from the different composition and degree of 
polymerization in hemicellulose, which is sensitive to the extraction method. This work, 
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combined with previous pyrolysis product distributions of single components and the 
catalytic effect of inorganic salts, could provide a model to predict bio-oil composition from 
primary fast pyrolysis of different types of biomass.  
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Chapter 4 General conclusions and future work 
General conclusions 
Celluloses with different degrees of crystallinity and polymerization were pyrolyzed 
in the micropyrolyzer-GC-MS/FID system, which is capable of examining the primary 
reactions of fast pyrolysis. Similar product distribution was obtained for these different 
celluloses, implying that primary fast pyrolysis of cellulose would not be influenced by the 
crystallinity or degree of polyermization. The relative abundance of H-bonding and Van der 
Waals force is determined by the crystallinity index of cellulose. However these two types of 
forces are much more vulnerable during fast pyrolysis compared to the covalent linkages in 
cellulose. The evolution of levoglucosan from cellulose would not be affected by degree of 
polyermization as well since the end effect on the glycosidic chain, which could diminish the 
levoglucosan formation from glucose dimers or oligomers, is negligible for highly 
polymerized cellulose. Therefore, the cellulose product distribution from the current study 
could be regarded as a universal model for the primary fast pyrolysis of different types of 
cellulose. 
Interaction effects within lignocellulosic biopolymer under the regime of primary fast 
pyrolysis have been studied. The methodology was comparing the pyrolysis behavior among 
the native mixture, the physical mixture and the superposition of single components. Two 
native binary mixtures were obtained by selectively removing either hemicellulose or lignin 
from original biomass. Almost complete mass balance was achieved by using an online 
micropyrolyzer-GC-MS/FID and gas analyzer. Negligible interaction was observed for both 
physical mixtures. Nevertheless, apparent diminishment on the yield of levoglucosan has 
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been noticed for native cornstover cellulose-lignin accompanied by an increase in low 
molecular weight compounds and furans. The reason for this might be the inherent covalent 
linkages between cellulose and lignin within native mixture other than physical mixture. 
Such ether or ester linkages possibly connect the lignin molecular to the 6
th
 carbon in the 
glucose unit in cellulose chains, rendering levoglucosan more difficult to be released from 
cellulose in fast pyrolysis. The accompanied result was an enhancement on the formation of 
other products due to the competitive pathway for cellulose fast pyrolysis. Furthermore, 
native cellulose-lignin from red oak, pine and switchgrass had also been pyrolyzed to verify 
the applicability of such interaction effects on other biomass. The results revealed that 
switchgrass cellulose-lignin had similar interaction pattern as the one for cornstover. 
However, such interaction effects were not shown for the case of pine and red oak, possibly 
due to the lower degree of cellulose-lignin covalent bonding in wood than herbaceous 
biomass. For native cellulose-hemicellulose, levoglucosan yield was consistent with the one 
from physical mixture or superposition. In terms of other products’ distribution, some 
differences were observed between native and physical mixture, which would mainly derive 
from the chemical difference between native hemicellulose and extracted hemicellulose. This 
work helps to build up a model to predict bio-oil composition from primary fast pyrolysis of 
different types of biomass.  
Future work 
In our group’s previous work and my current work, the pyrolytic behavior of biomass 
single components as well as their interaction effects has been studied. The next step will be 
upgrading the quality of bio-oil, either for crude oil substitute or valuable chemicals. The 
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essential approach is deoxygenation since it is commonly known that the oxygen content in 
bio-oil is much higher than in crude oil, which leads to low heating value, instability and 
acidity of bio-oil. Literatures in this field mainly focused on hydropyroysis, which requires 
high pressure hydrogen introduced into pyrolyzer. For normal catalytic fast pyrolysis, most 
researches focused on zeolite catalysts, the catalytic products of which are mainly mono-
aromatic and poly-aromatic hydrocarbons. Although these products have low oxygen content, 
they are toxic and of low chemical value. In our future work, wide range of acid and base 
catalysts will be examined in situ for pyrolysis of cellulose, hemicellulose and lignin under 
normal fast pyrolysis conditions. The effective deoxygenation is to eliminate or partly 
remove the oxygen in oxygen rich pyrolytic products in the form of water, carbon dioxide, 
carbon monoxide, etc., the result from that would be the bio-oil with higher heating value or 
higher chemical value deoxygenated compounds. The acidity or basicity of the catalyst, 
contact form between catalyst and feedstock, conditions for fast pyrolysis will be studied to 
optimize the oxygen content of bio-oil. 
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